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“THE SCIENTIFIC ACHIEVEMENTS OF OUR STAFF BELIE OUR SMALL SIZE. 
AS A RESULT, ALL THOSE WHO ARE ASSOCIATED WITH THE INSTITUTION 
SHOULD BE JUSTIFIABLY PROUD OF ALL THAT HAS BEEN ACCOMPLISHED. 
AND WE CLEARLY CAN LOOK FORWARD TO A CONTINUING FLOW OF 
STUNNING SCIENTIFIC ADVANCES IN THE YEARS AHEAD.” 


—Richard A. Meserve 


We were confronted this year with many pro- 
found transitions as a result of the deaths of sev- 
eral individuals whose lives were deeply entwined 
with the institution. Philip Abelson began his 
association with Carnegie as a young staff mem- 
ber in 1939, served as president from 1971 to 
1978, and was an active member of our board of 
trustees until his death. Phil had many scientific 
accomplishments—he was the co-discoverer of 
neptunium, the co-inventor of a uranium isotope 
separation process that was crucial in World War 
II, the leader of an active group that undertook 
pioneering research in biophysics, and an investi- 
gator who conducted and directed research in 
geochemistry, geophysics, and experimental 
petrology. He was a gifted observer of scientific 
developments as the editor of Science magazine 
and a wise advisor to the institution. He was a 
truly remarkable man. 


David Greenewalt, another remarkable person, 
also died. David was a geophysicist with a long 
career at the Naval Research Laboratory in 
Washington, D.C. He served as secretary of our 
board and was a benefactor of the institution. He 
enjoyed visiting the Carnegie departments and 
built a strong relationship with Carnegie staff. 
And several longtime staff members—Horace 
Babcock, Joe Boyd, Lou Brown, and Hat Yoder 
—also passed away this year. Each achieved many 
important scientific accomplishments and each 
helped to shape the institution in important ways. 
All of these individuals will be deeply missed. 


The directors of the six Carnegie science depart- 
ments and I participated in a several-day retreat in 
October to discuss the future direction of the insti- 
tution. To launch the session, I proposed that we 
have a brief discussion in which each director 
described the aspirations for his or her department. 
The discussion became so animated and interesting 
that it consumed most of a day. And as I think 
back on the event, I am struck by the range and 
depth of the work that is under way. The Carnegie 
Institution is a vibrant place with a wealth of past 
accomplishments and with similar grand promise 
for the future. 


The scientific ferment that courses through every 
department can be illustrated with some examples 
of our current work. We are in a particularly excit- 
ing period at the Department of Embryology, the 
home of Carnegie’s molecular and developmental 
biologists. As explained by Allan Spradling in his 
thoughtful essay in this Year Book, we are only at 
the threshold of our understanding of the deep 
secrets of biology. The emphasis of the depart- 
ment’s work is quite different from that of most 
other biological research organizations because 
Carnegie scientists focus on the investigation of 
the difficult problems of “multicellular genomics.” 
This discipline looks at the genetic programming 
of collections of cells in multicellular organisms, 
not just the operations within single cells. Two new 
staff members, Alex Bortvin and Steve Farber, have 


Left: For over a hundred years, scientists at the Carnegie Institution have conducted research in the lab and in the field. 
Andrew Steele (below), of the Geophysical Laboratory, combines the two in Svalbard, Norway. (See page 9.) 
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Fig. |. Steve Farber of the Department of Embryology uses 
fluorescent lipids to visualize live processes in the zebrafish, 
Danio rerio, shown here. (Image courtesy Steve Farber.) 


been added to the Embryology roster to strengthen 
this pursuit. Among other matters, Bortvin exam- 
ines the role of pluripotent stem cells in embryonic 
development. Farber uses the zebrafish to visualize 
and understand biochemical processing, including 
that of lipids (Fig. 1). The projects of these new 
researchers provide a healthy complement to the 
exciting ongoing work by other staff. At the same 
time, we are preparing for the move to the hand- 
some new Maxine F. Singer Building, which is 
being completed as I write this essay. 


Scientists at the Geophysical Laboratory (GL) 
continue their pathbreaking work. The group con- 
ducting high-pressure science (led by Dave Mao 
and Rus Hemley) is perhaps the leading group in 
the world in exploring the properties of matter at 
pressures like those generated at the center of the 
Earth. This wide-ranging group has demonstrated 
the possibility of non-biological pathways for the 
formation of hydrocarbons in the Earth’s deep 
interior. And they have developed unique tech- 
niques, using chemical vapor deposition, to pro- 
duce large, single-crystal diamonds (Fig. 2) with 
extraordinary toughness, thereby opening possibili- 
ties for both scientific and commercial applications. 
At the same time, the astrobiology group, includ- 
ing Andrew Steele, Marilyn Fogel, and James 
Scott, is developing tools to enable the detection of 
life on other planets and in extreme environments 


on Earth (Fig. 3). 


This year saw enormous progress at the Department 
of Global Ecology, including the dedication of an 
impressive and environmentally friendly new build- 


ing (Fig. 4). Department director Chris Field 
continues his important work in defining the 
interactions among variables that affect plant 
growth in circumstances of elevated atmospheric 
carbon dioxide concentrations. Greg Asner is mak- 
ing great strides in the application of space- and 
aircraft-based remote sensing to assess ecological 
phenomena, including such important problems as 
the advancement of desertification in the American 
Southwest, the intrusion of exotic plants in Hawaii, 
and selective logging in the Amazon (Fig. 5). And 
Joe Berry measures the flows of carbon taken into 
and given up by plants over large regional areas—a 
necessary step in developing a global understanding 
of the role of the biosphere in the carbon cycle. The 
work of this department not only is on the cutting 
edge of science, but also is directly relevant to 
important societal issues related to climate change. 


The Observatories this year benefited from the 
continuing outstanding performance of the 
Magellan telescopes—the twin 6.5-meter telescopes 
that Carnegie and its partners constructed at 
Carnegie’s Las Campanas Observatory in Chile. 
These telescopes have provided the highest-resolu- 
tion images ever achieved using a ground-based 
telescope without adaptive optics. Remarkable new 


Geophysical Laboratory has developed a 
technique to produce large single-crystal 
diamonds extremely quickly. This brilliant-cut 
diamond was grown by chemical vapor deposi- 
tion (CVD). It is 2.5 mm high and was made 

in about one day at Carnegie. (Image courtesy 
Physica Status Solidi.) 
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instruments have also come 
online,’ promising many exciting 
discoveries in the years ahead. 
Wendy Freedman’s work on the 
age of the universe is expanding to 
include the examination of dark 
energy and the unexpected acceler- 
ation in the universe’s expansion. 
Pat McCarthy’s study of 300 early 
galaxies, originally identified in the 
Las Campanas Infrared Survey, 
shows that many other scientific 
surprises may be on the horizon. 
His research has created a complex 
puzzle: it indicates that galaxies 
from the early universe were already 
far more mature than expected. 


The Department of Plant Biology 
focuses on the complicated inter- 
actions that control plant develop- 
ment and growth, including the 
formation of cell walls and the 
transport of information and 
materials within a plant. This 

work can yield the understanding 
that will enable the development of 
crops that can grow under environmentally stress- 
ful conditions, such as drought and saline soils; 
that are disease-resistant; or that provide impor- 
tant new products (e.g., plastics). Using a novel 
fluorescent imaging technique, staff member Wolf 
Frommer monitors metabolite transport within 

a plant. With similar imaging methods (Fig. 7), 
Dave Ehrhardt is unraveling the operations of 
plant microtubule cytoskeletons. The genomic 
information underlying the department’s work— 
indeed, for most of the world’s work in plant biol- 
ogy—is provided by the online Arabidopsis 
database maintained by Sue Rhee.’ 


The Department of Terrestrial Magnetism (DTM) 
celebrated its 100 anniversary this year and pro- 
vides, in a microcosm, an example of the evolution 
in the scientific endeavors of Carnegie’s staff. 
DTM was formed to map the geomagnetic field of 
the Earth, but its scientific mission has changed 
over the years. The seismology group has devel- 


Fig. 3. The Geophysical Laboratory’s Andrew Steele leads the Carnegie team 

in the interdisciplinary international Arctic Mars Analogue Svalbard Expedition 
(AMASE) project. The scientists are creating a sampling and analysis strategy that 
could be used for future Mars missions where real-time decision making on the 
planet surface will be needed to search for signs of life. This outdoor lab has been 
set up to conduct genetic and microarray analysis in Svalbard, Norway, a geologic 
analogue to Mars. (Image courtesy Kjell Ove Storvik.) 


oped tools to measure movements of the Earth’s 
crust, thereby leading to a better understanding of 
earthquakes and volcanoes. The cosmochemistry 
group undertakes exquisite chemical and radiologi- 
cal studies of grains extracted from meteorites, 
leading to a better understanding of the Earth’s 
evolution and that of our solar system. Paul Butler 
and his colleagues have found the majority of 
extrasolar planets discovered to date. Other DTM 
astronomers are examining the properties of these 
planets and the means by which they might be 
formed, as well as the deeper mysteries of the uni- 
verse. And Sean Solomon, the department’s direc- 


' These include Eric Persson's Persson’s Auxiliary Nasmyth Infrared Camera (PANIC) 
(Fig. 6), Alan Dressler’s Inamori Magellan Areal Camera and Spectrograph (IMACS), 
and the Magellan Inamori Kyocera Echelle spectrograph (MIKE), developed by Steve 
Shectman and former Carnegie postdoc Rebecca Bernstein. 


2 This database, found at http://www.arabidopsis.org/, benefits from 5 million “hits” per 
month from 22,000 unique IP addresses. It is a fundamental tool for all plant biologists. 
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Fig. 4. The new building for the Department 
of Global Ecology on the Stanford campus was 
dedicated in April 2004. Its orientation reduces 
heat buildup, and temperature control is 
achieved naturally with a cooling tower. 


tor, is the Principal Investigator on a mission that 
is now en route to conduct a scientific investigation 


of Mercury (Fig. 8). 


This listing is just a small sample of the exciting 
work in a diverse range of fields that is ongoing in 
the Carnegie departments. The scientific achieve- 
ments of our staff belie our small size. As a result, 
all those who are associated with the institution 
should be justifiably proud of all that has been 
accomplished. And we clearly can look forward to 
a continuing flow of stunning scientific advances in 
the years ahead. 


Despite the obvious strength of our efforts, the 
institution confronts a challenge in maintaining its 
unique character. In defining the aims of the fledg- 
ling institution, Andrew Carnegie explained that 
the institution should “discover the exceptional 
man in every department of study whenever and 
wherever found . .. and enable him to make the 
work for which he seems specially designed his life 
work.” Although the mode of functioning shifted 
from an emphasis in the early years on grants to 
individual scientists to the establishment of depart- 
ments staffed by Carnegie scientists, the continu- 
ing objective has been to provide exceptional 
scientists with the freedom to pursue their instincts 
as to fruitful areas of research. 


Thus, consistent with Andrew Carnegie’s goal, we 
seek to nurture scientific advances of a particular 
character—we seek to enable scientists of great cre- 
ativity and insight to pursue difficult questions of 
their own choosing. As researchers have remarked, 
“The institution buys our time and gives it back to 
us.”* The work is usually conducted by individuals 
or small groups—big science is not our customary 
style, although there are important exceptions. 
Indeed, we try to nurture a contrarian philosophy 
through the pursuit of research opportunities that 
are not similar to activities elsewhere. We are 
proud of our scientists’ willingness to pursue sci- 
ence that is far from the mainstream because of the 
high risk of failure, the difficulty of the problem, or 
the need for extended effort to achieve results. It is 
unfashionable research that is likely to lead to para- 
digm shifts or to significant and surprising 
advances. 


History shows that such an approach is remarkably 
successful. For example, Edwin Hubble, a 
Carnegie astronomer for almost all of his adult life, 
revolutionized astronomy with his discovery that 
the universe is expanding. Einstein remarked that 
his adjustment of the general theory of relativity to 
provide for a static universe was his “biggest blun- 
der.”* Carnegie’s Barbara McClintock pursued 
work that was largely unappreciated at the time on 
the patterns of genetic inheritance in corn, ulti- 


mately winning the Nobel Prize for her work. The 
efforts under way in each of our departments today 
hold the promise of similar startling advances. 


Nonetheless, there is a practical challenge arising 
from the fact that our dreams can exceed our 
financial capacity—a not unusual dilemma in 
human affairs. I suspect that every president has 
tried to chart a course that seeks to ensure the pur- 
suit of the Carnegie vision within the limits of 
available funds.° I confront the same challenge. 


In the early years, Carnegie scientists were funded 
entirely from the endowment. In fact, until the late 
1970s, Carnegie scientists did not customarily seek 
funds from the federal government. In the face of 
shortfalls in institutional income, President 
Vannevar Bush had undertaken a process of “ter- 
minations and taperings” of departments to fit the 
scientific program within the limits of our budget.’ 
But the funding problems continued. By the mid- 
1970s, the value of the endowment had decreased 


Fig. 5. This “data cube” is from the EO-| satel- 
lite. It shows the Amazon forest canopy in the 
near infrared. Each pixel contains a spectral sig- 
nature that the Asner group at the Department 
of Global Ecology analyzes for water, pigments, 
and other constituents. (Data courtesy NASA; 
processing and analysis done at Carnegie.) 
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Fig. 6. PANIC is the first near-infrared camera built for 
the Observatories’ Magellan Project. Shown here are the 
pair of interacting galaxies called the Antennae, among the 
first objects imaged with it. The Antennae consist of many 
young, massive star clusters and a great deal of dust. Very 
dusty regions are much easier to see in the near infrared, 
and PANIC is able to peer into these areas with great clar- 
ity. This picture is a composite of Hubble Space Telescope 
and PANIC data. (Image courtesy Eric Persson.) 


3 Andrew Carnegie, Deed of Trust, 1902, Year Book no. | 


(Washington, D.C.: Carnegie Institution of Washington, | 903). 
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Joseph Henry Press, 2002). 
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at a time when the demands for funds were grow- 
ing. As a result, in the late 1970s, President Philip 
Abelson proposed to move “with caution” in 
accepting federal funds.* 


Abelson was concerned about this move because of 
the danger that it would change the fundamental 
character of the institution. He feared there would 
be a temptation to pursue fashionable work and 
thereby enhance the likelihood of funding success. 
Pressures might arise to pursue short-term projects 
so that scientific success could be demonstrated 
rapidly, thus making a continuing flow of federal 
funds more secure. He feared that scientists would 
devote too much of their time to preparing applica- 
tions for grants and reporting to grant agencies on 
their work, rather than pursuing science. And the 
attachment of scientists to the institution might 
diminish if their livelihood resulted from federal 
support. Indeed, it was feared that Carnegie’s suc- 
cess in recruiting exceptional scientists might 
diminish if the freedom we allowed our researchers 
were constrained. As a result, President Abelson 
suggested various limitations on federal support to 


Fig. 7. Dave Ehrhardt of the Department of Plant Biology 
produced this three-dimensional reconstruction of a plant 

root tip by stacking layers of confocal microscopic images. 

The plant is making a fluorescently tagged protein that out- 
lines the cell surface. (Image courtesy David Ehrhardt.) 


avoid these hazards, such as the rule that no part 
of staff salaries should come from grants. 


As time has gone on, the various limitations on 
federal support have fallen aside. In the face of 

a growing need to finance science and the con- 
straints on spending that could be covered by the 
endowment, the principal means to meet any 
shortfall has been to pursue federal money. As a 
result, and as shown by Figure 9, the operating 
budget derived from federal support has grown 
over the years.’ In a certain sense, the continuing 
success of the institution’s scientists in obtaining 
grants is a testament to the quality of our staff. 


Nonetheless, reliance on federal support is at least 
theoretically worrisome. We should have concern 
that the potential hazards that troubled Abelson 
might become realities. Chief among these is the 
fear that the pressure to obtain federal grants could 
become so great that the character of the science 
the institution seeks to pursue might fundamen- 
tally change and the uniqueness to which the insti- 
tution aspires might disappear. We could simply 
become yet another of the multitude of universities 
and other scientific enterprises undertaking activi- 
ties largely defined by the availability of federal 
funding. 


This worry is compounded by the fact that there is 
no immediate feedback mechanism to constrain 
the pursuit of federal support. In fact, because fed- 
eral support, where available, serves to liberate 
endowment funds for other things, there is a value 
to the institution and to each scientist’s colleagues 
in pursuing a grant. The hypothetical danger is 
that, by a process of accretion, the institution could 
become so dependent on federal funds that our sci- 
entists might feel excessive pressure to tailor their 
activities to achieve funding success. 


T have undertaken extensive discussion with the 
directors about this matter and am assured that this 
hypothetical danger is not yet real. They are sensi- 
tive to the issue and are prepared to intervene as 
necessary. Moreover, we undertake periodic exami- 
nations of each of our departments by visiting 
committees made up of trustees and outside 


Fig. 8. Department of Terrestrial Magnetism 
director Sean Solomon is Principal Investigator 
for the MESSENGER mission to Mercury. He 
stands in front of the packaged MESSENGER 
craft at the Goddard Space Flight Center, where 
it underwent testing before leaving for Cape 
Canaveral in March 2004. 


experts in relevant scientific fields, and I have 
charged (and will continue to charge) each of the 
visiting committees to evaluate whether the 
performance of each department comports with 
the Carnegie vision. The reports received to date 
are very reassuring in this (and other) respects. 
Although it might be better to have a self-regulat- 
ing feedback mechanism that serves to limit federal 
support, I am confident that the character of the 
institution’s science has not been compromised as 
a result of the changing funding patterns. 


Moreover, the harsh reality is that any concern 
about excessive federal support may soon seem a 
problem from a distant and happy time. As a result 
of fiscal pressures, there are likely to be very signif- 
icant cuts in the discretionary parts of the budget 
for the indefinite future. Support for basic research 
across the government in the FY 2005 budget does 
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not stay even with inflation and some agencies, 
such as the National Science Foundation, confront 
cuts of over $100 million. The National Institutes 
of Health, which has grown accustomed in recent 
years to substantial increases in funding, instead 
faces only a minor increase of 2%. And, although 
Congress is just starting to review the FY 2006 
federal budget, it appears we will confront another 
lean year for science. As a result, the competition 
for federal funds can be expected to grow. Although 
the special capabilities of Carnegie scientists may 
result in continuing and even growing success in 
pursuit of federal funds, it would be reckless to 
anticipate such an outcome. 


This situation, then, presents a dilemma. Science 
has grown ever more costly, largely because the 
laboratory equipment necessary to pursue issues 
at the cutting edge has grown ever more precise, 
sophisticated, and thus expensive. We cannot 
anticipate growth in federal support. How then 
are we to pay our way? 


Careful tending of the endowment is an obvious 
strategy—and one that we have followed scrupu- 
lously. We have had the benefit of an extraordinary 
finance committee, chaired by David Swensen, 
chief investment officer of Yale University. As a 
result of the work by David and his colleagues, our 
endowment over the past decade has achieved a net 
return of 12.2% annualized, which is significantly 
greater than the 9.8% achieved by the typical 
endowment (as reported by the State Street 
Endowments and Foundations Universe bench- 
mark). We follow a spending rule—roughly 5% 

of the three-year average value of the endowment 
at fiscal year end—to seek to ensure support for 


8 Carnegie Institution of Washington, Minutes of the Special Meeting of the Board of 
Trustees, Seventy- Ninth Meeting, Washington D.C., March 18, 1977. 


° The growth in federal funding may not be completely revealing because some 
of the federal funds are for a few large projects, such as MESSENGER and TAIR, 
in which a substantial portion of the funds in fact flow through Camegie to others. 
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Fig. 9. Total expenses are indicated by this graph. The numbers are actual dollars and are not normalized for inflation. 
Expenditures represent the sum of operating and equipment expenses; capital outlays are not included. For some 
years, the total funds expended is larger than the sum of Carnegie and federal funds because of private grants. Prior to 


1999, some funds included in the private fund category were actual federal funds provided through subcontract with 


partners at other research institutions. 


present needs while preserving the value of the 
endowment for the future. Because of the skill of 
our finance committee, our endowment has grown 
significantly in real terms. But our investment 
strategy can lead only to incremental, albeit impor- 
tant, increases in spending at a time when the real 
costs of science are growing rapidly. 


Another possible source of funds is royalties from 
the intellectual property arising from our scientists’ 
work. We follow this strategy as well. Carnegie 
pursues patents in appropriate cases, resulting in a 
steady flow of funds.’° But, as a general matter, 
universities that have sought to maximize the 
return from intellectual property have not obtained 


significant gains—the technology transfer offices 
at universities typically cost more than they earn— 
although there have been a few “home runs.”"’ The 
results of basic research typically lead to commer- 
cial applications only after extensive further applied 
research and development—indeed, the exact 
nature of the commercial applications may not 
even be knowable at the time the basic research is 
performed—and thus the development of commer- 
cial applications is fundamentally different from 
the pursuit of basic science. Although the institu- 
tion should and will continue to pursue commercial 
gains from our intellectual property where possible, 
if we are to remain true to our mission, we must 
avoid the distortion of our work that would arise 
from a focus on commercial applications. It thus 
should not be anticipated that our intellectual 
property will provide a means to address to our 
funding dilemma. 


An alternative strategy is to pursue the process 

of “terminations and taperings” undertaken by 
President Vannevar Bush and to cut activities back 
to a level that our finances can support. But this is 
not an attractive strategy in light of the remarkable 
level of scientific productivity that is found in each 
of the Carnegie departments. The board and I are 
committed to maintaining a strong institution 
across all departments. 


This leads to the final and most important source 
of support: the pursuit of grants and donations 
from private foundations and individuals. Carnegie 
has benefited over the years from the generosity of 
foundations and individuals, particularly our own 
trustees. But we do face a special challenge in this 
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respect. Some grant makers and donors under- 
standably look at the large support of science by 
the federal government and conclude that the 
opportunity to have an impact may be greater in 
other philanthropic areas. The Carnegie philoso- 
phy—the pursuit of unique science—should serve 
to overcome this barrier to some extent. But there 
is also the reality that the impact of basic science 
is very uncertain, although in the aggregate, basic 
science will no doubt be the fundamental force 
that will change our lives and those of our chil- 
dren for the better. For example, the work of our 
scientists in the Department of Embryology will 
provide the insights that allow medical miracles to 
occur, but we cannot promise that this work will 
lead directly to the cure of any particular disease. 
We thus must seek donors with the special insight 
of Andrew Carnegie when he initially endowed 
the institution. His words, when presenting his 
trust deed to the board of trustees in 1902, reveal 
his remarkable understanding of the power of dis- 
covery: “...your aims are high, you seek to expand 
known forces, to discover and utilize unknown 
forces for the benefit of man. Than this there can 
scarcely be a greater work.” This underlying belief 
in the value of discovery has led to a century of 
scientific successes and will continue to remain a 
guiding force of the institution. I am confident 
that we will find supporters with this unique 
understanding in the years ahead. 


'°The royalties are shared among the scientists responsible for the patented invention, 
the department in which those scientists work, and the institution. 


''.G. Thursby and M. C. Thursby, “University Licensing and the Bayh-Dole Act,” 
Science 301, p. 1052, August 22, 2003. 


GAINS 


John Chambers joined the Department of Terrestrial Magnetism as a staff 
member in April 2004. 


On August 1, 2003, Burlchard Militzer joined the Geophysical Laboratory 
as a staff associate. 


Alex Schreiber was appointed staff associate at Embryology during 2003. 


TRANSITIONS 
1 Alex Schreiber 


Trustee Deborah Rose was elected secretary to the Carnegie board of trustees in 
May 2004. Trustee Burton McMurtry was elected a senior trustee at the same time. 
David Ehrhardt, formerly a staff associate at Plant Biology, became a staff 
member on July 1, 2003. 


| Longtime Embryology staff member Andrew Fire joined the Stanford University ea 
School of Medicine as professor in the Department of Pathology in November 2003. gaa 
Burkhard Militzer 


| Geophysical Laboratory research scientist Vilccor Struzhiin was appointed to 
staff member on July 1, 2003. 


HONORS 


Embryology 
| Director Allan Spradling won the Edwin Grant Conklin Medal of the Society 
| for Developmental Biology in August 2003. 


Geophysical Laboratory 

Marilyn Fogel was elected a fellow of the Geological Society of America. 
Robert Hazen was elected vice president of the Mineralogical Society of America. 
| Former department director Charles Prewitt was awarded the 2003 Roebling 
| Medal of the Mineralogical Society of America in November 2003. 


Plant Biology 
| Staff member Wolf Frommer was elected a fellow of the AAAS. 


Director Chris Somerville was the Sir Frederick Gowland Hopkins Memorial 
Lecturer for 2004. The award is bestowed by the Biochemical Society. 


Viktor Struzhkin 
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Terrestrial Magnetism 

Staff member Paul Butler was one of five winners of the 2003 Discover Magazine 
Award for Innovation in Science and Technology. He received the award for his 
work on extrasolar planets. He also delivered the Carl Sagan Lecture at the fall 

| 2003 meeting of the American Geophysical Union. 


Staff members Richard Carlson and David James became fellows of the American 
Geophysical Union. James was also selected as an IRIS/Seismological Society of 
America Distinguished Lecturer for 2003-2004. 


Senior Fellow Vera Rubin received the James Craig Watson Medal and prize 
in April 2004 from the National Academy of Sciences. 


Philip Abelson 


Director Sean Solomon delivered the annual A. O. C. Nier Memorial Lecture 
in October 2003. 
Director emeritus George Wetherill was awarded the Henry Russell Lectureship 


from the American Astronomical Society in February 2004. 


DEATHS 


Francis (Joe) Boyd 


Former Carnegie president and trustee Philip Abelson died on August 1, 
2004, at the age of 91. 


Horace Babcock, former Observatories director, died on August 29, 2003, 
at age 90. 


Francis (Joe) Boyd, staff member emeritus at the Geophysical Lab, died at 
age 77 on January 12, 2004. 

Louis Brown, 75-year-old staff member emeritus at the Department of 
Terrestrial Magnetism, died on September 25, 2004. 


Longtime trustee and secretary of the Carnegie board David Greenewalet 
died October 21, 2003, at age 72. 


On August 2, 2003, director emeritus of the Geophysical Laboratory Hatten S. 
Yoder, Jr., died at age 82. 


David Greenewalt 


Hatten S. Yoder, Jr. 
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The Carnegie Institution 
received gifts and grants 
from the following corpora- 
tions, foundations, individu- 
als, government agencies, 
and other sources during 
the period July |, 2003, 

to June 30, 2004. 
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THE DIRECTOR’S REPORT: 


CASE and First Light 
Science for the Nation’s Children 


First Light is growing up! This fall, 24 middle 
school students in grades six through eight from 
Washington, D.C., public schools (DCPS) and 
charter schools were accepted into the program. 
Toby Horn, who is in charge of secondary pro- 
grams at CASE, is the lead instructor. Julie 
Edmonds (Fig. 1), Inés Cifuentes, and Maxine 
Singer assist “Dr. Toby” with instruction. In addi- 
tion, two DCPS high school students—Dominic 
Gasaway, a former First Light student, and Kendra 
Hardman—joined us as interns. On Saturday 
mornings we concentrate on the diversity of life 
and planetary science in the CASE laboratory 
classrooms (Fig. 2). In the afternoons, we explore 
science in the city through field trips to museums, 
natural environments, and labs in the D.C. metro- 


(back right) instructs First Light students in the 
art of extracting DNA from strawberries. 


politan area. The group has already visited 
Carnegie scientist James Scott at the Geophysical 
Laboratory (Fig. 3). Scott and collaborators adapt 
the tools of high-pressure physics to microbiology 
to study how common organisms are able to live and 
thrive under unusually high-pressure conditions. 
The First Light group will visit other Carnegie labs 
in the near future, and a trip is planned to the 
University of Maryland, Baltimore County—whose 
president, Freeman Hrabowski, is a Carnegie 
trustee—to get the students thinking about college. 


Over the past several years, CASE has played a 
major role in the education and public outreach 
activities for two of the institution’s NASA-funded 
projects: Carnegie Astrobiology (part of NASA’s 


Fig. 2. First Light students Sharmaine and 
Leshia prepare a dish with seeds to investigate 
the effect of gravity on plant growth. 


Left: CASE director and seismologist Inés Cifuentes teaches First Light students about earthquakes. 
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Astrobiology Institute, or NAT) and the MES- 
SENGER Mission to Mercury. Sean Solomon, 
director of the Department of Terrestrial 
Magnetism, is the principal investigator for both Lncmcting Miysicnes ofa Compelling Planet 
of these multi-institutional programs. One of 
CASE’s goals is to bring the excitement of 
Carnegie scientists’ research and discovery to 
young people, teachers, and the public. Previously, 
we developed a variety of teaching materials and 
booklets for these projects, including two award- 
winning posters. All of the products have had 
widespread national distribution through organi- 
zations such as the National Science Teachers 
Association, NASA, and the Geological Society 


of America. 


This year we developed innovative, interactive dis- 
plays (kiosks) based on the magnificent artwork 
and instructional materials featured on posters for 
deep sea vent astrobiology and MESSENGER. 
The display artwork includes several elements that, 
when touched, activate an embedded computer 
monitor to show informative video footage on the 
chosen topic. The displays came about through 
close collaboration between CASE staff and 
Carnegie scientists. The kiosks are self-contained 
and designed to travel to conferences, museums, 
libraries, and science centers (Fig. 4). 


To) oes E 
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Fig. 4. In the coming years this interactive kiosk, 


= = “e | which CASE developed for the MESSENGER 
r “we Mission to Mercury, will travel the country 
‘i ‘ to museums, universities, libraries, and confer- 
> % r. mS ences. It explains the challenges that will be 
a | . » faced and the science that will be accomplished 
is during the mission to the innermost planet. 


The craft is due to begin orbiting Mercury in 
March 2011. 


a a 


Fig. 3. Geophysical Laboratory staff associate 
and microbiologist James Scott (right) engages 
First Light students with a DNA experiment. 


Our astrobiology kiosk was chosen by the National 
Science Foundation to be featured in the ESTME 
(Excellence in Science, Technology, and Mathe- 
matics Education) Week Expo in March 2004, 
which is part of the Department of Education’s 
Science Summit. It was also featured at the 
national astrobiology meeting, AbSciCon, at 
NASA Ames Research Center in California and 
has been on loan to the University of Tennessee 
as well as the museum at Pennsylvania State. In 
2005 the NAI team at the University of Hawaii 
will feature the kiosk in several public libraries as 
part of a multi-island public outreach effort. The 
MESSENGER kiosk, meanwhile, was featured 
at the August 2004 launch-night celebrations and 
was on display at the Brevard Community College 


Planetarium through December. In January 2005 : Fig. 5. Toby Horn, who heads CASE’s secondary 
it moved to the Maryland Science Center in i programs (right), takes First Light students to 

: : the James Scott lab at Carnegie’s Geophysical 
Baltimore. : Laboratory. Scott showed the student the facili- 


ties to culture deep bacteria. 


In the year leading up to the MESSENGER 
launch, CASE staff collaborated with educators 
from the Challenger Center for Space Science 
Education to produce a comprehensive series of 
lessons on “Staying Cool,” something the space- 
craft must do if it is to survive its journey to 
Mercury. These lessons have been used to train 
30 teachers to become MESSENGER Fellows. 
Once trained, they are committed to conducting 
workshops for other teachers. Over the next few 
years almost 1,000 teachers nationwide will be 
trained in the use of these classroom materials. 


The CASE staff takes great pride that our influ- 
ence has spread well beyond the local area over 
the last decade and a half. Through the many 
teachers who have been involved in our programs, 
we spread the discoveries of Carnegie scientists to 
students all over the country, and we look forward 
to the day when some “First Lighters” become 
scientists themselves. 


——Inés Lucia Cifuentes, CASE Director 
Julie Edmonds, CASE Associate Director 


Toby Horn, CASE Secondary Programs 
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THE DIRECTOR’S REPORT 


Research at the Geophysical Laboratory (GL) 
into the fundamental physics, chemistry, and 
biology of the Earth and other planets continues 
to progress. I have selected research results carried 
out this past year that illustrate the exciting direc- 
tions we are pursuing. 


A GL predoctoral student, Nick Platts, recently 
received his Ph.D. from Rensselaer Polytechnic 
Institute investigating a novel theory that directly 
addresses one of the most intractable problems in 
origins-of-life research, namely, identifying a tran- 
sitional mechanism between the dilute “prebiotic 
soup” of small organic molecules in Darwin’s 
“warm little pond” and the modern concept of a 
protobiological “RNA-world” based on informa- 
tional oligomers of nucleic acids. Nick has pro- 
posed a testable chemical model based on the 
self-assembling behaviors of polycyclic aromatic 
hydrocarbons (PAHs)(Fig. 1), which are known 
to be ubiquitous in space, in meteorites, and in 
numerous terrestrial geologic settings, making 
them likely to have been abundant in the Earth’s 
prebiotic environment. 


PAHs self-assemble into stacked arrangements 

because of the weak bonding of the atoms across 
their planar structures. PAHs of roughly similar 
size and shape stack above each other, such that 


their edges are roughly aligned. Functional groups, 
including -OH or -CO, at the edges of the stack 
then form hydrogen bonds to other planar mole- 
cules including purines and pyrimidines, the 
building blocks of RNA and DNA. These 
attached purines and pyrimidines stack in layers 
0.34 nanometer (nm) apart, exactly the distance 
found in RNA. In addition, their orientation has 
the proper portion of the molecule directed out- 
ward, facilitating the construction of long strands 
of RNA once detached from the PAH host. The 
PAH stack could also serve as a strong absorber of 
ultraviolet light, which would protect the selected 


Fig. |. Three nucleobases are shown hydrogen-bonded to 
hydroxy functions in the edge structures of PAH molecules 
in a stacked array. The PAH stack edge is a phase boundary 


between the aromatic cores of the PAHs and the surround- 
ing aqueous media of Darwin’s “warm little pond.” 


Left: Antibody microarrays look for hundreds of different molecules at the same time and are used in biomedical research to investigate 
genes. Andrew Steele's group is devising ways to use them to find microbes in rocks. Their ultimate goal is to use microarrays in the search 


for life on Mars (see Figure 4). 
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and concentrated assemblage of heterocycles from 
photolytic breakdown. Further work is in progress 
in the lab to test the viability of Nick’s ingenious 
hypothesis. 


George Cody has been applying solid-state nuclear 
magnetic resonance (NMR) spectroscopic tech- 
niques to analyze the insoluble organic matter 


(IOM) in meteorites. Figure 2 shows the results 125 

for four different carbonaceous chondrites: L j I, = 1.067 0.19 
EET92042 (CR2), Orgueil (CI1), Murchison = re 

(CM2), and Tagish Lake. These experiments L, =49208 om 


reveal considerable variation in bulk organic com- 


position. The fraction of aromatic carbon increases 
as EET < Orgueil < Murchison < Tagish Lake. 
The increases in aromatic carbon are largely offset 
by reductions in aliphatic hydrocarbons, alcohols, 
amines, and ethers. These data are consistent with 
the primary parent body reactions being low-tem- 
perature chemical oxidation. 
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Fig. 3. Top: This scanning electron microscope 


Tagish Lake | ®e image of IDP L2036-VI1 Cluster 21 shows 
_ - structure and general morphology. Bottom: 
cr The associated confocal Raman image shows 
- | distribution of carbon band intensities (I,/I,) 
Che - and crystallite size (L,). The scale bar applies 


{ to both images. 


f 
| 
| ; 
j _ Interplanetary dust particles (IDPs) are small, fluffy 
| al =a particles from space generally collected in the 
i a— C1 : : : 
| | i — atmosphere. They are typically several microns in 
F t K — diameter and contain carbon and other materials 
et = — Tagish Lake : 
il oe wee with structure on a scale of tens to hundreds of 


nanometers. Andrew Steele’s group has performed 
new laser Raman imaging that shows that the car- 
bon phase is heterogeneous on a small scale, by pro- 
ducing maps of the distribution of carbon material. 


C Chemical Shift (anim 


Fig. 2. This overlay shows NMR spectra of four mete- This work represents the first time that the distrib- 
orite oe aah ee. Urea a ae ution of carbon in IDPs has been directly imaged 
Is normalized to the tota spectra Intensity. e pro- is 2 as 

nounced peak at ~129 parts per million (ppm) corre- (Fig. 3). A large population of IDPs will be mea- 


sponds to aromatic carbon. The broad peak spanning 
~10—90 ppm corresponds to aliphatic hydrocarbons, F . : 
slechels Grneies Swine. « é ture and carbon concentration of the primordial gas 


from which the IDPs condensed. 


sured to obtain information on the initial tempera- 


Looking for Life in All the Right Places 


An antibody microarray can search for hundreds 
of different molecules simultaneously from just a 
few microliters of sample. These microarrays are 
generally used to investigate patterns of human 
gene expression in biomedical research, but 
Andrew Steele and his group are using them to 
develop a method for microbial detection in geo- 
logical samples. ‘They spiked simulated regolith 
with lyophilized Escherichia coli, labeled with a 
fluorescent dye, and applied it to the microarray 
surface (Fig. 4). The spiked regolith elicited a 
high signal for lipopolysaccharide (LPS) and 
GroEL, two biomarkers expressed in E. coli. 
Nonspiked regolith showed a low signal for these 
and nine other biomarkers. Steele’s group has also 
used an antibody microarray to identify fossil pro- 
teins in bones ranging from hundreds of thou- 
sands to millions of years old. This study is 
believed to be the first time that protein microar- 
rays have been used to detect fossil biomarkers. 
Steele is developing such techniques for an instru- 
ment to search for biomarkers on Mars, called 
Modular Assays for Solar System Exploration 
(MASSE), in collaboration with the Marshall 
Space Flight Center, Oceaneering Space Systems, 
the Marine Biology Laboratory, North Carolina 
State University, and Montana State University. 


Life under Stress 


James Scott is studying how life responds to 
changes in water when water is subjected to condi- 
tions of extreme pressure and temperature. The 
properties of water allow the biochemistry of life to 
flourish on Earth, but the properties change drasti- 
cally with extremes of temperature and pressure 
(Fig. 5). James is utilizing large-volume diamond- 
anvil cells and new protocols to isolate and culture 
Escherichia coli K12 cells after recovering them 
from high-pressure experiments. The experiments 
last up to 32 days and have pressures up to 4 kilo- 
bars at ambient temperature. He has found that 
cells exposed to this stress adapt, probably by shut- 
ting down all nonessential energy-consuming 
processes, which conserves their energy for essen- 


A 


Fig. 4. This simple microarray detects 
lipopolysaccharide (LPS). Features are printed 
with an anti-LPS antibody (A) and an anti-GroEL 
antibody as a negative control. The microarray 
was incubated with LPS, washed, incubated with 
an Alexa‘? conjugated goat anti-rabbit antibody, 
washed, and then scanned using a 635 nm laser 
and fluorescence emission detected between 
650 and 690 nm. 


tial metabolic processes. Cells exposed to kilobar 
pressures appear to be unable to “bounce back” 
once pressure-adapted. James is now working to 
determine if the adaptation of E. coli to pressure 
is due to short-term mechanisms or to the more 
profound “evolutionary” changes that have been 
reported by others when cells are exposed to sub- 
lethal stresses. 
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Fig. 5. This series of time-lapse images (~20 min between frames) shows a single cell dividing at ambient conditions 
after decompression from 1.4 gigapascals (GPa) in a diamond-anvil cell. The observations confirm the viability of the 
organism at very high pressures. 


Geophysical and geochemical observations indicate 
that a substantial amount of light elements such as 
S, Si, O, and C may be mixed within the Fe core of 
planets like the Earth and Mars. Yingwei Fei has 
been investigating the possible mechanism for the 
incorporation of these light elements into the cores 
by studying the melting relations and solubility of 
the light elements in metallic Fe at high pressures 
and temperatures. He and former postdoctoral fel- 
low Chrystele Sanloup have conducted a series of 
experiments to show that if the size of the planet is 
such that the maximum pressure encountered was 
below 14 gigapascals (GPa) during its differentia- 
tion, then silicon is unlikely to be a light element of 
its core. However, sulfur is likely to be present in 
large quantities. Jupiter's moon Ganymede, and 
Mars, could well be in this category of “low-pres- 
sure” differentiated planetary bodies. 


Rus Hemley and Wendy Mao (University of 
Chicago) have determined the properties of iron 
hydride (FeH,) up to 52 GPa to constrain the 
ageregate shear velocity and shear modulus for 
comparison with seismic observations of the Earth. 
A loss of magnetism was observed at 22 GPa, 
which is lower than theoretically predicted but is 
consistent with the observed anomalous velocity 


behavior. The results confirm that FeH, could be a 
major light element bearing phase for explaining 
the core density deficit relative to pure iron. 
Formation of FeH, by reaction with water would 
be expected to leave a signature in the mantle. 


Understanding the chemistry of carbon at the high 
pressures and temperatures that prevail within the 
Earth has a long and controversial history. 
Terrestrial carbon exists in several forms: native, 
oxidized, and reduced in a wide variety of hydro- 
carbons. During the past year, Rus Hemley and 
former postdoc Henry Scott found that methane 
was formed from FeO, CaCO,-calcite, and water 
at pressures between 5 and 11 GPa and tempera- 
tures ranging from 500 to 1500°C (Fig. 6). The 
result demonstrated the existence of abiogenic 
pathways for the formation of hydrocarbons in the 
Earth’s interior, which suggests that the hydrocar- 
bon budget of the bulk Earth may be larger than 
conventionally assumed. The finding is particularly 
relevant in light of the recent identification of 
methane at parts-per-billion levels in the atmos- 
phere of Mars. It is not known if methane in the 
Martian atmosphere is produced volcanically or 


biologically. 


Burkhard Militzer is working with Bill Hubbard 
(University of Arizona) and Dave Stevenson 
(Caltech) on a theoretical investigation of the inte- 
rior structure of giant planets and how the struc- 
ture has evolved over time. Since there is no direct 
way to probe the interior of giant planets, under- 
standing relies on theoretical modeling. The mod- 
eling requires three input parameters: the chemical 
composition of the planet, its gravitational 
moments, and an accurate equation of state for the 
hydrogen-helium mixture in the planetary interior. 
Information on composition and gravitational 
moments has come from the Ga/ileo and Cassini 
spacecraft missions. Militzer’s team is focusing on 
deriving a more accurate equation of state for 
hydrogen-helium mixtures. Laboratory methods 
are not yet able to reproduce the pressure-tempera- 
ture (P-T) ranges deep inside the giant planets, so 
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Militzer has applied new quantum Monte Carlo 
techniques for the first time to improve the best 
model previously available to help determine the 
interior structure of Jupiter. 


Storage of hydrogen 

The long-term plan to transform our economy 
from its reliance on fossil fuels has generated new 
interest in hydrogen. One of the technological 
obstacles to making hydrogen economically viable, 
however, is the problem of storage. Compared with 
gasoline, a tank of hydrogen gas at practical pres- 
sures requires a much larger volume. Therefore, a 
variety of different materials have been proposed to 
store hydrogen by using chemical compounds or by 
physical absorption. A good hydrogen storage 
material must store 5% hydrogen by weight 


Fig. 6. Left: Raman spectra from heating FeO, 
calcite, and water at 5.7 GPa and 1500°C shows 
the appearance of the C-H stretch upon heating. 
Below: Methane bubbles formed upon decompres- 
sion to approximately 0.5 GPa. Bubbles are visible 
near the bottom left side, and slightly right of 


center. 
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reversibly and take up a reasonably small volume. 
Viktor Struzhkin, Ho-kwang Mao, Wendy Mao, 
and Rus Hemley are investigating one of the most 
promising such materials: hydrogen in clathrates— 
weakly bound molecular cages within which hydro- 
gen is trapped. Hydrogen retained by the weak 
van der Waals forces in these solids can be readily 
released. Clathrates can retain an enormous amount 
of hydrogen; for example, (H,),(CH,) holds 33.4 
wt% molecular hydrogen (50% atomic H), which 

is far above Department of Energy targets. 


New materials from high pressure 

New materials continue to be discovered under 
pressure, and a growing number of these have been 
recovered to ambient conditions. There has been 
considerable interest in the creation of new 
nitrides, motivated by the search for new superhard 
compounds, electronic materials (such as supercon- 
ductors), and optoelectronic materials. The first 
nitride of a noble metal, platinum nitride PtN, has 
been synthesized at GL. The material has intrigu- 
ing physical properties, including very high incom- 
pressibility, and it is a semiconductor. And most 
remarkably, after synthesis at very high pressures 

it can be recovered at ambient conditions. 


Developments in CVD 

single-crystal diamond 

Progress in the creation of large single-crystal dia- 
monds by chemical vapor deposition (CVD) at 
GL was particularly notable this year. A process 
has been perfected to fabricate single-crystal dia- 
monds by microwave plasma CVD at very high 
growth rates. During the past year, crystals up to 
4.5 millimeters (mm) in thickness have been fabri- 
cated at growth rates as much as two orders of 
magnitude higher than those produced by conven- 
tional polycrystalline CVD methods. As grown, 
the material has high fracture toughness and on 
annealing its hardness can increase dramatically, 
reaching values some 50% higher than conven- 
tional diamond. This work has gained tremendous 
attention worldwide and has resulted in three 
patent-application filings this year. Anvils have 
been fashioned from these new CVD diamonds 

at GL, and they have been used in high-pressure 
experiments at multimegabar pressures. 
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Fig. 7. Members of the Geophysical Laboratory staff are shown in November 2004. First row (from left): Andrey 
Bekker, Roy Dingus, Sue Schmidt, Adelio Contreras, Pedro Roa, Pablo Esparza, Shuhei Ono, James Scott, Jennifer 
Eigenbrode, Marc Fries. Second row: Valentina Degtyareva, Olga Degtyareva, Wes Huntress, Marjorie Imlay, Maceo 
Bacote, Tim Jenkins, Jennifer Snyder, Morgan Phillips, Jinfu Shu, David George, Nabil Boctor, Catherine Corrigan. Third 
row: George Cody, Ron Cohen, Doug Rumble, Yingwei Fei, Bobbie Brown, Steve Coley, Burkhard Militzer, Shantanu 
Keshav. Fourth row: Muhetaer Aihaiti, Brad Chen, Paul Meeder, Rus Hemley, Chih-Shiue Yan, Lars Ehm, Xiao-Jia Chen, 
Xianwei Sha, Chris Hadidiacos, Razvan Caracas, Alex Corgne, Charles Hargrove, Steve Gramsch, Yufeng Ren, Li Zhang, 
Bjorn Mysen, Jung-Fu Lin, Yang Song. Fifth row: Neil Irvine, Gary Bors, John Straub, Bill Key, Aravind Asthagiri, 
Gudmundur Gudfinnsson, Takuo Okuchi, Jake Maule, Mathieu Roskosz, Eugene Gregoryanz, Marilyn Fogel, Viktor 
Struzhkin, Katherine Cooney, Gotthard Saghi-Szabd, Garrett Huntress. Missing from the picture: Przemyslaw Dera, 
Shaun Hardy, Robert Hazen, Steven Jacobsen, Agnes Mao, Dave Mao, Marcus Origlieri, Andrew Steele, Jan Toporski, 
Merri Wolf, Zhigang Wu. 
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THE DIRECTOR’S REPORT 


“ONE MUST SHOW THE GREATEST RESPECT 
TOWARDS ANY THING THAT INCREASES EXPONENTIALLY, 
NO MATTER HOW SMALL.” 


—Garrett Hardin, 1968 


Single-celled, photosynthetic prokaryotic organ- 
isms, called cyanobacteria, have been around for 
at least 3 billion years (frontispiece). Although the 
early evolution and phylogeny of these organisms 
is still a matter of study and debate, there is little 
doubt that cyanobacteria have played and continue 
to play a major role in forming the atmosphere and 
structure of ecological communities on Earth. 
Cyanobacteria are major producers in the aquatic 
habitats of the world, and as a consequence of an 
endosymbiotic association with a unicellular pro- 
tist, they evolved into the modern-day plastid (the 
plant powerhouse for photosynthesis). Under- 
standing these ancient, exquisitely complex and 
widely distributed organisms has been the focus 
of the laboratories of staff member Arthur 
Grossman and adjunct staff member Devaki 
Bhaya for several years. 


Arthur’s laboratory has made a number of land- 
mark discoveries concerning the molecular under- 
pinnings that govern how cyanobacteria and other 
algae intercept light energy and cope with both 
their light and nutrient environments. For exam- 
ple, his laboratory first isolated light-harvesting 
genes from the diatoms and demonstrated that 
they were related to the light-harvesting genes 

of vascular plants. His group also demonstrated 
that phytochrome-like photoreceptors in some 
cyanobacteria can serve to sense the light wave- 
lengths of the environment—information used to 


tune the composition of the light-harvesting com- 
plex for optimal light absorption. 


Devaki first arrived at the department several years 
ago as a Rockefeller Fellow and visiting investiga- 
tor from Nehru University in New Delhi, India, to 
learn about these remarkable creatures. Her first 
visit was followed by several others and in the mid- 
1990s, when the initial cyanobacterial genome 
sequences became available, Arthur and Devaki 
collaborated on a joint project to exploit genomic 
information to understand molecular mechanisms 
by which cyanobacteria acclimate to environmental 
change. It is astounding that with a repertoire of 
only about 3,000 genes (some have as few as 1,500 
genes), cyanobacteria are able to survive an array of 
suboptimal conditions. Perhaps reaching the ripe 
old age of 3 billion makes them pretty good at 
roughing things out! 


There are now a variety of sophisticated molecular 
and genomic tools that make cyanobacteria impor- 
tant, tractable model systems for exploring accli- 
mation both in the laboratory and in situ. For 
instance, strong genetic and molecular technologies 
have led to the identification of the putative central 
stress regulator designated NbIS (also known as 
DspA or Hik33; important genes and their pro- 
teins often have more than one name). This pro- 
tein appears to sense both nutrient and light 
conditions, probably by sensing both the redox 


Left: This canyon in Glacier National Park has a white layer of carbonate rock, which is a reef-scale bed of stromatolite fossils that formed 
a little over a billion years ago at the margin of an inland sea. These reefs were most likely constructed by cyanobacterial mats that lived in 
intertidal or shallow-water habitats. Photosynthesis by such extensive microbial communities would have contributed massively to the oxy- 
genation of Earth during the Precambrian era. (Image courtesy Dave Ward, Montana State University.) 
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Fig. |. This microarray analysis shows 
the structure of NbIS/Hik33 and the 
effect of inactivating the gene on global 
gene expression in Synechocystis 
PCC6803. The structure of NbIS/Hik33 
is shown at top. The protein has both 
an input and a transmitter module. The 
input module has transmembrane 
domains (TMI and TM2) and a PAS 
domain. The PAS domain has the 
potential to bind small molecules, such 
as flavins that are involved in sensing 
varied environmental conditions. The 
transmitter module consists of a histi- 
dine kinase (the N, GI, F, and G2 
region) that can undergo an autophos- 
phorylation at the histidine residue 
marked (H). The phosphorylation activ- 
ity is controlled by the sensing activity 
of the input module. The microarray in 
the lower part of the figure shows the 
consequence of inactivation of the gene 
encoding NbIS/Hik33 in Synechococcus 
on global gene expression. Many tran- 
scripts associated with acclimation of 
the cells to high light conditions are 
constitutively active (e.g., psbA2, hliB, 
groEL-2), while others that are normally 
suppressed in high light are constitu- 
tively low (cpcC2). The mutant behaves 
as if it is always experiencing high light 
stress. 


state of the cell and possibly by absorbing 
blue/UV-A light (Fig. 1). The protein has two 
transmembrane domains, a PAS domain that 
might bind a flavin chromophore and a histidine 
kinase domain. Postdoctoral fellows, and most 
recently Chao-Jung Tu, were able to show that a 
mutant aberrant for NblIS is unable to acclimate to 
both the light and the nutrient environment, which 
was graphically demonstrated by microarray analy- 
sis of both the wild type and the mutant strain 
(Fig. 2). Studies of this central regulator have also 
led to ideas concerning the evolution of blue-light 
photoreceptors from electron transfer components 
and redox sensors. Figure 2 depicts the possible 
evolution of NbIS from an electron transfer com- 
ponent to its proposed function in maintaining the 
homeostasis of the cell by sensing both cellular 
redox status and blue/UV-A light signals. 


Microarray analysis of cyanobacterial gene expres- 
sion provides a detailed snapshot of the workings 
of a cyanobacterial cell. By combining these snap- 
shots, one can create what one might fancifully call 
an album, which helps define the major events in 
the life of a photosynthetic prokaryote, and how it 
reacts when it is treated badly. More precisely, 
these analyses are allowing researchers to map 
global changes in the expression of genes as envi- 
ronmental conditions change, and to combine 
these analyses with both computation and bioin- 
formatic approaches, emerging fields that both 
Arthur and Devaki embraced several years ago. 
Collaborations with Jan Mrazek and Sam Karlin of 
the Department of Mathematics at Stanford 
University and with Daniel Vaulot’s group at Station 
Biologique in Roscoff, France, have enabled Arthur 


and Devaki to exploit the power of computational 
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Fig. 2. Sensors, such as NbIS/Hik33, may have 

evolved from redox carriers (involved in energy 
production) to redox sensors (involved in sens- 
ing the intracellular redox state), or to photore- 
ceptors (sensing light conditions, especially 


blue/UV-A light). Some sensing molecules may 
be able to perceive multiple inputs such as 
redox levels as well as the characteristics of the 
light environment (through the direct absorp- 
tion of light energy by chromophores that bind 
to the PAS domain). 


tools to make predictions about the evolution and 
gene expression potential for whole genomes. The 
list of fully sequenced cyanobacterial genomes is now 
over 15 and spans the gamut from unicellular to fila- 
mentous, lake to open ocean-dwelling, free-living to 
symbiotic, benign to toxic, and mesophilic to ther- 
mophilic. Devaki and Arthur plan to mine this 
expanding well of diversity and use the information 
in creative ways that marry genome-based hypothe- 
ses to wet-lab experimentation. 


The use of rapidly growing, genetically tractable 
organisms has led to numerous fascinating discov- 
eries at the molecular and mechanistic level. For 
instance, it had been documented over a hundred 
years ago that certain microorganisms move toward 
or away from a light source (a phenomenon often 
called phototaxis). Despite several early attempts 
at a detailed characterization of this phenomenon, 
the molecular and biochemical details of motility 
and photoperception have only recently been 
uncovered. Using a method for randomly disrupt- 
ing genes in the unicellular cyanobacterium 
Synechocystis, Devaki was able to visually screen 
for mutants, which were aberrant for phototaxis 
response (Fig. 3). Surprisingly, this tiny organism 
seems to use a very large number of genes (a mini- 
mum of 60) to control motility and phototaxis. 
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Fig. 3. This motility plate assay (top) shows 
phototaxis of the thermophilic cyanobacterium 
Synechococcus. Finger-like projections of cells 
move toward red light. At higher magnification 
(bottom) of one of the fingers, individual cells 
are evident. 
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Frontiers in Integrative Biological Research (FIBR) 
participants pose at the first FIBR workshop held in July 2004. 


Fig. 5. Mushroom Spring is a typical hot spring with the 
boiling geyser at center and the cooler channels where 
orange mats containing cyanobacteria are growing at 
temperatures around 50-60°C. 


The cell appears to use a red-light photoreceptor 
(similar to the phytochrome used for chromatic 
adaptation) to track the direction of light, which in 
turn signals to specific surface appendages called 
pili that pull the organism in the direction of the 
light. This movement is exquisitely sensitive to 
light quality and quantity. Unraveling the ways in 
which a bag full of genes and gene products control 
both motor function and directional aspects of 
movement is just beginning. 


In addition to a laboratory-based approach to 
understanding adaptation, Arthur and Devaki have 
become interested in the degree to which organ- 
isms encode functions that cannot be identified 

in the narrow range of growth conditions available 
in the laboratory. As more and more genomes are 
sequenced, it is becoming clear that a large number 
of genes are termed hypothetical because they have 
not been assigned any function. These may well 
encode proteins that assist microorganisms in 
coping with particular environmental challenges. 
However, it may be difficult, if not impossible, 

to unravel the role of many of these hypothetical 
genes without venturing into the environment 
where these organisms are currently found and 
where they have evolved. The development of 
microscale tools to precisely measure environmen- 
tal parameters, coupled with high-throughput 
molecular techniques to evaluate the biological 
state of a cell or community of cells in situ, makes 
this direction both feasible and attractive. 


Recently Arthur and Devaki have begun to explore 
in situ molecular analyses of cyanobacteria and 
cyanobacterial communities in collaboration with 

a diverse scientific team including microbial ecolo- 
gist Dave Ward of Montana State University, John 
Heidelberg of the Institute for Genomic Research 
(TIGR), evolutionary biologist Fred Cohan, Sue 
Rhee of Carnegie, and Michael Kuhl of Denmark 
(Fig. 4). In a five-year program funded by the 
National Science Foundation Frontiers in 
Integrative Biological Research (FIBR), they hope 
to address basic questions about the evolution and 
adaptation of microorganisms in a well-studied and 
unique niche—the natural hot spring microbial 
mat community systems in Yellowstone National 


Park (Fig. 5). These mat communities, which have 
been studied for decades by microbiologists who 
view them as models for understanding fundamen- 
tal aspects of microbial community ecology, occur 
in the effluent channels of alkaline siliceous springs 
at temperatures ranging from 88°C to 42°C (the 
cyanobacterial component of the mat extends to 
74°C). Microscopically, the mats appear simple, 
constructed primarily of a unicellular cyanobac- 
terium considered to be of the Synechococcus genus, 
and a filamentous green, non-sulfur-like bacterium 
resembling Chloroflexus (Fig. 6). However, direct 
16S rRNA analysis of the community gives a more 
complex but realistic view of the mat population. 
There appear to be a variety of closely related, pre- 
dominant Synechococcus genotypes, which are dis- 
tantly related to a readily cultivated thermophilic 
Synechococcus strain. Interestingly, the cyanobacter- 
ial strain most easily cultivated from the mat is not 
the predominant species and bears significant simi- 
larity to a thermophilic strain that dominates the 
hot springs in Japan. The extent of diversity in the 
mat is not known, but there appear to be at least 
several related Synechococcus genotypes that are dis- 
tributed in an orderly manner along both thermal 
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and vertical (light) gradients. They seem to be 
associated with ecologically distinct populations, 
which are likely uniquely adapted to temperature 
and light. 


Many features of the mat community make it ideal 
for combining direct population genetics analyses, 
microsensor probing of gas and nutrient condi- 
tions, and microarray (and gPCR) examination of 
gene expression. This multidisciplinary approach 
has already triggered a powerful synergy that 
weaves together diverse information providing a 
more holistic view of the population and physio- 
logical dynamics of the mat communities. There 

is a rapidly growing interest in moving powerful 
genomic, evolutionary, and biophysical technolo- 
gies to the field since it is becoming clearer that the 
axenic laboratory environment may not provide a 
realistic view of the physiology of cells as part of 
microbial communities in a complex and dynamic 
nutrient and light environment. The mat exhibits 
well-defined physical/chemical gradients, which 
can be measured at the microscale by exquisitely 
sensitive and highly specific microsensors. 
Microsensors and classical and newer molecular 


Fig. 6. The left panel shows a confocal microscope image of cells isolated from the microbial mat. The rod-shaped 
cyanobacterial cells are red because of autofluorescence (black arrow), while the other Chloroflexus-like filaments 
(white arrow) are not fluorescent and create a tight mesh. Cyanobacteria often appear to be associated with these 
filaments in the mat. The right panel is a close-up of a cross section of the mat. The top green layer contains the 
cyanobacteria; the orange layer below contains heterotrophs and dead cells. 
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techniques can be used for quantifying respiratory 
and photosynthetic activities, analyzing biomass, 
determining the distribution of the different 
organisms within the mat, and understanding the 
dynamics of the population as the environmental 
conditions change. This approach will be especially 
interesting with respect to the day-night cycle: 
organisms go from an oxygenic environment dur- 
ing midday when rates of photosynthesis are high, 
following microaerobic conditions as the intensity 
of the Sun declines, and to anaerobic conditions 
during the evening. These dramatic changes will 
require molecular switches that completely alter 
metabolic processes in the cell. 


Genomic sequences from two cyanobacterial 
strains adapted to 60°C and 65°C are now com- 
plete, and we have begun to get a first glimpse at 
how these genomes are arranged and organized. 
Surprisingly, there is almost no synteny between 
the genomes of the two analyzed strains. There is 
relatively little known about gene expression and 


Fig. 7. Arthur 
Grossman and 
Devaki Bhaya 
pose in front of 
one of the many 
hot springs at 
Yellowstone 


National Park. 


gene content of thermophilic cyanobacteria, even 
though it is possible that the origins of life were 
first nucleated in a hot spring-like environment 
and that these organisms are at the base of the tree 
leading to the evolution of vascular plants. 
Obviously, the proteins of these thermophilic 
organisms have evolved to be stable at high tem- 
peratures, which raises the exciting possibility that 
in the future we can understand and possibly 
exploit the unique characteristics of these proteins. 
Within the year, microarrays for probing gene 
expression both in laboratory cultures and in situ 
will become available. This approach will provide 
insights into a number of challenging questions: 
How different is gene expression within the in situ 
mat milieu compared with the “tamed” laboratory 
cultures? How does gene expression change as 
temperature varies along the horizontal gradient of 
the mat and as light changes along the vertical gra- 
dient of the mat? How diverse is the cyanobacterial 
population within the mat? How diverse is the 
genome organization? Are genes transferred 
between organisms within the community? Are 
there ecotypes that are better adapted to specific 
temperature niches, and what are the major factors 
that contribute to the ability of a strain to thrive at 
a specific temperature? What factors foster com- 
munication among different subpopulations of 
organisms in the mat, and what “communication 
molecules” are critical? What are the molecular 
switches that control the metabolic machinery of 
the cell as the mat is transformed from an oxygenic 
to an anoxygenic environment? Although it may 
take years before these questions are answered in 
depth, the process has been started, and it promises 
to be an exciting journey. 


http://carnegiedpb.stanford.edu/research/research_bhaya.php 
http://www-ciwdpb.stanford.edu/research/grossman2003_rev1/index.html 


http://fumarole.stanford.edu/ 
http://landresources.montana.edu/FIBR/ 
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Fig. 8. Members of the Department of Plant Biology staff are shown. From left, first row standing: Dominique 
Bergmann, Melissa Lim. Sitting: Ying Sun, Michelle Facette, Meghan Sharp, Debbie Alexander, Khar-Wai Lye, Miguela 
Torres, John Emery, Sonja Vorwerk, Rebecca McCabe, Monica Stein, Paul Sterbentz, Wirulda Pootakham, Chung-Soon 
Im. Second row standing: Thorsten Hamann, Brenda Reinhart. Sitting: Totte Niittyla, Jennifer Johnson, Wolf Frommer, 
Christopher Wilks, Daniel Yoo, Douglas Becker, Sakiko Okumoto, Gabi Fiene. Standing: Nakako Shibigaki, Angelica 
Vazquez, Nathan Gendron, Shauna Somerville, Christopher Somerville. Third row: Serry Koh, Devaki Bhaya, Julie 
Tacklind, Mamatha Hanumappa, Rachel Huntley, Kathi Bump, Joergen Persson. Fourth row: Laurent Zimmerli, Marta 
Perrocal-Lobo, Bi-Huei Hou, Chunxia Xu, Sue Thayer, Melanie Hilpert, Sam St. Clair. Fifth row, sitting on ledge: Matt 
Evans, Ida Lager, Sylvie Lalonde, Zhi-Yong Wang, Hartmut Foerster, Brandon Zoeckler. Sitting on steps: Doriann 
Moss, Karen Deuschle, Srini Gampala, Joshua Gendron, Stefan Bauer, Zheng-Hui He, Diane Chermak, Patti Poindexter, 
Kathryn Barton. Sitting on ledge: Jennifer Milne, Susan Cortinas, Christophe Tissier, Matthew Humphry, Ismael Villa, 
Ginger Brininstool, Steve Pollock, Wengiang Tang. Top row standing: Marc Nishimura, Marcella Pott, Arthur 
Grossman, Hong Gu, Katica llic-Grubor, Nick Kaplinsky, Natalie Khuri, unidentified, Anne-Soisig Steunou, Stephan 
Eberhard, Raj Sandhu, Soo-Hwan Kim, Tae-Wuk Kim, Alex Paredez, Mary Smith, Glenn Ford, Yu Sun, Zhiping Deng, 
Jun-Xian He, Rene Wuttke. 
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Researchers at Carnegie’s Department of Embryology are leaders in cellular, develop- 
mental, and genetic biology. The scientists use a variety of model organisms to understand key 
molecular processes within cells. This collection of images is a sampling of their investigations. 


Marnie Halpern’s laboratory uses the zebrafish to 


explore asymmetrical differences in the brain. Cells 
from the left and right sides, shown here, have differ- 
ent patterns of gene expression, indicated by the red 
and green areas. (Image courtesy Marnie Halpern.) 
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Xenopus laevis tadpoles are studied in Donald Brown’s laboratory to 
determine how thyroid hormone signaling drives growth and develop- 
ment, particularly metamorphosis. These one-week-old tadpoles are half 
control and half transgenic for a gene encoding the green fluorescent 
protein. (Image courtesy Donald Brown.) 
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THE DIRECTOR’S REPORT: 


Exuberance and the Future 


of Biological Research 


Biology is the deepest science. Today the Earth 
hosts millions of species of multicellular organisms, 
whose individuals may contain trillions of interact- 
ing cells comprising thousands of distinct cell types, 
arrayed in intricate three-dimensional patterns and 
directed by tens of thousands of differentially 
expressed genes. Now comes the complicated part: 
Unlike the fundamental entities of the physical sci- 
ences that follow simple laws, cells and their genes 
have been shaped by billions of years of shifting 
evolutionary pressures, ensuring that their behavior 
belies ordinary expectation. Current species and 
genomes represent only a snapshot in the contin- 
uum of now extinct forms, adapted to now extinct 
environments, stretching back to the first organized 
groupings of biomolecules on the young Earth. 
Consequently, each molecule’s and organism’s prop- 
erties still partly reflect the obliterated history of 
countless ancient crises, beyond prediction, never to 
be revealed. In short, it is no exaggeration that the 
story of life on Earth comprises by far the most 
complex phenomenon known in the universe. 


The theory-rich research style that is so powerful 
within the physical sciences and for characterizing 
biomolecules has routinely foundered on both the 
complexity and the evolutionary underpinnings of 
biological problems at the level of the cell. This defi- 
ciency is not a gap of a few odd orders of magnitude, 
bridgeable by new technology, as new immigrants 
from the physical sciences frequently imagine. Cross- 
ing the physics-biology gulf would require a molecu- 
lar computer the size of the Earth’s biosphere to 
churn for 3 billion years, in scant hope of duplicat- 
ing the evolutionary computation whose final out- 


perable obstacles, biological research has thrived. 
Successful biologists, whether former physicists or 
not, have learned to approach problems experi- 
mentally, to use genes as their fundamental parti- 
cles, and to thereby coax organisms into revealing 
the molecules and mechanisms evolution selected 
for particular purposes. 


This style of biological research meshes synergisti- 
cally with an American system that gives autonomy 
and resources to relatively young investigators. 
During the last 100 years, independent scientists, 
working with small groups of trainees, have ush- 
ered genetics through four successive “revolution- 
ary” eras: classical genetics, molecular biology, 
molecular cloning, and now genomics. The 
Carnegie Institution, practicing American-style 
biological research in one of its purest forms, has 
played a disproportionate role in each of these eras 
through its support of Thomas Hunt Morgan, at 


Steven Farber uses the zebrafish to study various biochemical 


processes in live fish, especially those related to lipids. Some of the 
sibling fish shown contain a newly induced mutation that blocks nor- 
mal lipid uptake (green). Sibs that inherited two copies of the mutant 
gene contain little or no lipid. (Image courtesy Steven Farber.) 


puts are stored in the germline genomes that we 
observe today. However, despite seemingly insu- 
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its Department of Genetics, and since about 1970 
here at the Department of Embryology. The very 
concept of today’s “reverse genetics” was born in 
this department, and fundamental technologies 
for manipulating genes, used daily in genomics 
research around the world, were developed here. 
Recently, the genome projects and industrial 
biotechnology that spurred the genomics revolu- 
tion demonstrated the additional value of a larger 
scale and a more industrial style of biological 
research and development. These events raise 
questions about the appropriate style and scale of 
future research at the Department of Embryology. 


In considering our future, a little history is helpful. 
Overcoming the seemingly insurmountable scientific 
challenges inherent in biological research is thrilling. 
Perhaps this is why major biological advances have 
often engendered a kind of irrational exuberance 
that has blinded even leading researchers to the 
immensity of what remains. In the 1960s, after 
discovering the first molecular gene regulatory cir- 
cuit using the intestinal bacterium E. coli, Jacques 
Monod, famously (but later to his regret) remarked 
that “E. cof is like an elephant.” Other early molec- 
ular biologists convinced themselves that the scien- 
tific journey itself was drawing to a close, or that 
the only remaining problems of significance lay 
within the highest levels of neuroscience. Following 
the advent of molecular cloning, some scientists 
seriously believed it would be possible 
to easily transfer major functional capa- 
bilities, such as nitrogen fixation, 
between species. Others expected we 
would soon engineer fantastic new 
creatures, such as “alligators with fur,” 
to quote a “conservative prediction” 
from a typical newspaper account. 


Today’s genomic era, so reminiscent of 
the period following the molecular 
biology revolution, has likewise gener- 
ated considerable exuberance. The suc- 
cess of large-scale DNA sequencing has 
led to a credulous enthusiasm among 
influential leaders for science projects 
of a scale larger than the traditional 
research group. Among the most exu- 


berant, biology is seen as finally ready for physics- 
style research, and institutes to promote such col- 
laborations have appeared on the campuses of 
major universities. Some even dream that big pro- 
jects can replace the research of small independent 
investigators, using massive datasets collected by 
robots that can be computationally analyzed to 
build an abstract theory of the cell. New immi- 
grants from the physical sciences, driven from their 
fields by woefully inadequate public funding and 
lacking personal knowledge and experience of bio- 
logical reality, are naturally inclined to believe this 
chimerical vision. 


NIH leaders have also been strongly influenced by 
genomic exuberance. They proclaim that we now 
possess sufficient basic knowledge to justify an 
increased focus on applications. Privately, the 
inevitable concomitant decrease in basic research is 
considered acceptable, because independent basic 
scientists are seen as increasingly occupied with 
“details” more efficiently analyzed by interdiscipli- 
nary collaborations and high-throughput centers. 
Because of a confluence of factors, NIH funding 
of investigator-initiated basic research has plum- 
meted, forcing beginning biologists who had 
hoped to pursue their own ideas to contemplate 
subordinate positions, where new ideas have little 
chance to arise and flourish. Current generations of 
trainees anxiously observe the difficulties of young 
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The fruit fly, Drosophilia, is studied in several labs at the department. Allan 
Spradling uses the genetically favorable creature for his research into the 
molecular mechanisms of egg production. Here the germ cell precursors of 
eggs within a Drosophila embryo have been labeled green (left) to reveal a 
unique small organelle they contain known as the fusome (right, red). 
(Image courtesy Allan Spradling.) 


faculty members and the outsized enthusiasm for 
big projects, and wonder where their science and 
their careers are headed. Unchecked, these trends 
threaten the fundamental engine of biological dis- 
covery, American style. 


Has biology entered a truly new epoch—the 
“postgenomic” era, that justifies a significant 
restructuring of our highly successful research 
enterprise? Well, knowledge (and especially data) 
has increased, just as it did after the advent of clas- 
sical genetics, molecular biology, or recombinant 
DNA. Moreover, we now enjoy permanent (hope- 
fully) public information resources such as major 
genome and bioinformatic projects as well as new 
reagents and technologies available for purchase 
from the private sector. However, these welcome 
improvements should not obscure the immense 
problems and challenges of studying multicellular 
organisms. “Postgenomic” technology is quantita- 
tively better, but as discussed below it remains 
qualitatively inadequate to address the key prob- 
lems of elephants in any straightforward or scalable 
manner. Consequently we should be wary of exu- 
berantly overestimating the power of current 
genomic technology, lest this skew research priori- 
ties, misdirect scarce resources, and perhaps most 
significantly, discourage the trainees and young sci- 
entists who will be needed to reap the immense 
promise of the genomic era. 


In my view, the excessively exuberant view of where 
biology currently stands comes from a failure to 
appreciate the severe remaining limitations of ana- 
lyzing multicellular organisms. I once participated in 
an NIH-sponsored workshop on how to discover 
the function of all the genes in the human genome. 
It was organized in three sections: DNA, RNA, and 
protein. These are obviously important subjects, 
greatly impacted by genomics. Entirely lacking, 
however, were the many additional levels of biologi- 
cal organization above the level of the proteome, 
which remain crucial for understanding gene action 
in multicellular organisms (human and otherwise). 
In fact, today’s genomics could more accurately be 
termed “single cell genomics.” Its methods and con- 
cerns remain focused on individual cells, like the 
microorganisms, cultured animal cells, and viruses 
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utilized by traditional molecular biologists. ‘The sci- 
ences of multicellular biology—anatomy, physiol- 
ogy, developmental biology, neurobiology, 
evolutionary biology, etc.—continue to be politely 
ignored. In effect, exuberant single-cell genomicists 
have been saying, “Yeast is like an elephant.” 


In fact, we do not yet possess the technical means 
to undertake many of the critical problems of mul- 
ticellular organisms on a big-project scale. A truly 
multicellular genomics would require, at a mini- 
mum, the development of a new fundamental 
capability I call “anatomical genomics.” Anatomical 
genomics would provide methods to rapidly map 
an animal’s structure cell by cell and record it elec- 
tronically. Current microscopic and histological 
methods cannot position most of the (possibly tril- 
lions) of cells in animal tissues, outline their indi- 
vidual shapes, or subdivide them into cell types. 
This information needs to be obtained rapidly and 
dynamically. Structures change quickly with time, 
and one frequently needs to know how cellular 
growth, cell shape change, cell division, and cell 
migration transform one anatomical stage into 
another. Without such information one cannot 
fully describe, much less understand, how tissues 
develop, function, or become diseased, or deduce 
the roles particular genes play in these processes. 
Those who work on multicellular organisms have 
learned from experience that some of the most 


When animal cells divide, they depend on activities in an area of 
the cell near the nucleus called the centrosome. The Terence 
Murphy lab studies the pathway that governs centrosome dupli- 
cation. They found that a complex called SCF" is important to 
the process. When SCF*"'" js functioning, it prevents growing 
cells (red) from accumulating more than two centrosomes 
(green). (Image courtesy Terence Murphy.) 
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important insights into gene function come from 
knowledge gained at the cellular level and not just 
from studies of DNA, RNA, and protein. Unlike 
premature theorizing, learning how to systemati- 
cally determine and electronically display cellular 
anatomy are well-defined problems that could pro- 
ductively challenge any physical scientist interested 
in having a major impact on biology. 


Systematic cellular anatomy is an inherently 
genomic science. Cell types, the key to understand- 
ing tissues, are ultimately defined by gene expres- 
sion programs. So in principle, to find all cell types 
one needs to map the expression of all genes 
throughout all the cellular anatomy during all 
developmental stages and environmental states. 
Even in model organisms and humans, only a 
handful of abundantly expressed genes have been 
studied, and mostly at lower than single-cell reso- 
lution. Consequently, it should come as no surprise 
that many, perhaps most, cell types have yet to be 
discovered. I believe, in fact, that a whole level of 
biological organization has largely been over- 
looked—a level larger than the single cell but 
smaller than a full-blown tissue. It consists of 
small, highly organized, interactive, supracellular 
modules made up of a few cell types. Only a small 
number of these units have been recognized by 
classical anatomists, and have been given such 
names as “crypts,” “islets,” “follicles,” ’niches,” 
“cysts,” etc. Such units likely constitute the basic 
building blocks of tissues, and operate using mech- 
anisms and genes conserved over long evolutionary 
periods. Thus, the cellular anatomy genome project 
not only represents a fundamental prerequisite for 
any systematic analysis of metazoan gene function 
but also promises to provide profound new insights 
into the structure and function of animal tissues. 


Current visions of “big” biology also suffer from an 
even more fundamental flaw. The process of deter- 
mining genomic DNA sequences is thriving, but 
fundamental difficulties remain at every step above 
and below the primary sequence level. Despite 
years of effort, it is not possible to read much bio- 
logical information from genomic sequences. How 
RNA production is specified, which RNAs are 


made into protein, and which proteins are further 


modified or turned over can only be determined by 
experiment for each cell, in each organism, in each 
situation. The fact is, we have not yet discovered 
many of the basic biological mechanisms that gov- 
ern the cell, much less how cells interact. The fact 
that RNA interference, a universal, fundamental 
process in which small double-stranded RNAs 
specifically target and regulate gene expression, was 
unknown just a few years ago should give pause to 
those who argue that small labs are now enmeshed 
in biological details. Many more “RNAi’s” remain 
to be discovered at every level of cellular function. 
As with RNAi, these truly novel mechanisms are 
unlikely to be uncovered by large projects, by data- 
gathering exercises, or by road maps. They can 
only be brought to light by creative individuals fol- 
lowing their own instincts. History teaches us that 
some of the most important future medical appli- 
cations will also come from such discoveries. 


Consequently, the situation facing our department 
today is quite different from the dilemma that is 
sometimes portrayed. Our small size, diverse 
expertise, independent resources, and lack of an 
overarching mission remain powerful advantages. 
We have access to the fruits of big biology without 
the stultifying side effects of large organizations. 
We are strategically located on the Johns Hopkins 
campus near a diverse community of biologists as 
well as physicists, computer scientists, and engi- 
neers. However, we have the freedom to let inter- 
disciplinary collaborations grow naturally out of 
shared interests and novel ideas rather than institu- 
tional necessity. We believe that the scientific 
opportunities have never been better for an inde- 
pendent researcher within such an environment. 


The task facing our staff remains that of finding a 
territory within the vast frontier of biology where 
current ideas and assumptions, or the lack thereof, 
are holding back progress. Circumventing such 
roadblocks has diverse, unpredictable side benefits 
throughout many areas of research. This type of 
inquiry differs enormously from filling in the 
details of a process already fully understood in 
rough outline (which is not our goal), although we 
recognize that when a project starts, the distinction 
exists mainly in the intuition and imagination of 
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the investigator. Our staff's predilection for prob- 
lems revolving around chromosomes, germ cells, 
and developmental signals results from this pat- 
tern. Additionally, Carnegie faculty continue to 
show a willingness to change directions, and to 
recognize influxes of new workers to their research 
topics as true signs of success. There is often a lot 


of traffic backed up behind a roadblock. 


Finally, we remain committed to advancing the 
techniques for studying multicellular organisms 
available to the research community. Just as there 
are many more RNAi’ left, there are more revolu- 
tions remaining in the history of genetics. We are 
just beginning to acquire the tools to understand 
biological levels above the individual cell. Most of 
what goes on during the development, environmen- 
tal interaction, and evolution of complex organisms 
remains as closed to us as in Monod’s day. The next 
era after genomics, an era that will open up the 
study of multicellular life, can only become reality 
from the efforts of those who remain dissatisfied 
with the status quo, and who dream of a better and 
more powerful biological science. 


Our department continues to house many such 
individuals. My group has become increasingly 
interested in the “cellular anatomy” genome project 
as it applies to Drosophila. We recognize that the 
technology, even of the favored “model organisms” 
such as worms, flies, fish, frogs, and mice, is still 
mired at an early stage. Far more capabilities and 
resources will be needed to accelerate our analysis of 
the most pressing biological frontiers. The develop- 
ment of such technology seems well justified, 
because for understanding the development and 
physiology of metazoans, “Model organisms are 
truly like an elephant.” Of course those currently in 
favor will not ultimately be enough. Many addi- 
tional model organisms, with equivalent technolo- 
gies, strategically placed throughout phylogenetic 
space will be required to probe the pathways that 
shape animal evolution and to decipher the forces 
that adapt organisms for specialized environments 
and life strategies. Biology is the deepest science; its 
future, not just its present accomplishments, gives 
us much to be exuberant about. 
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Department of Terrestrial Magnetism 


THE DIRECTOR’S REPORT: 


Investigation, Research, and Discovery 


“IT IS PROPOSED TO FOUND IN THE CITY OF WASHINGTON, 
AN INSTITUTION WHICH...SHALL IN THE BROADEST AND MOST LIBERAL 
MANNER ENCOURAGE INVESTIGATION, RESEARCH, AND DISCOVERY...” 


—Andrew Carnegie (1902)! 


When Andrew Carnegie gave his initial gift estab- 
lishing the Carnegie Institution of Washington, his 
vision for promoting science was “to discover the 
exceptional” individual and to provide an opportu- 
nity for that scientist to devote his or her attention 
to the pursuit of work for which he or she “seems 
specially designed.” The archetype of that vision, 
by tradition, is the bench scientist who alone or 
perhaps with a few close collaborators conceives 
and carries out the experiments needed to advance 
a particular line of scientific inquiry. Among the 
leaders of the institution throughout its history, 
however, have been supremely gifted administrators 
of large scientific endeavors—epitomized by 
Vannevar Bush, who while president of the 
Carnegie Institution ably led the nation’s Office 

of Scientific Research and Development during 
World War II. As the global scientific enterprise 
has grown in size and complexity, the question of 
the scale of scientific programs appropriate to the 
institution has been a natural topic for continued 
discussion. Most such deliberations have reinforced 
the traditional view of Carnegie’s vision—that the 
role of the institution is to invest in the creative 
individual. Merle Tuve, director of the Department 
of Terrestrial Magnetism (DTM) from 1946 to 


1966, was an outspoken advocate of such a position. 


He wrote that “no array of feedback arguments will 
convince very many of us that the real germ of new 
knowledge is the product of team activity or the 
result of large-scale instruments or implements... 


I believe we should take the firm position on the 
point that the support of true basic research is the 
support of ideas and that this always means the 


support of a creative investigator.” 


There are nonetheless topics of great scientific 
interest that require access to facilities or instru- 
mentation beyond the means of a single laboratory 
or department. One cannot study most processes 
in or beneath the Earth’s oceans without oceano- 
graphic ships, one cannot carry out most frontier 
projects in observational astronomy without mod- 
ern telescopes, and one cannot investigate the 
details of the planets of our solar system without 
spacecraft. For the past five and a half years I have 
served as the Principal Investigator for a spacecraft 
mission to study the planet Mercury. That space- 
craft—MErcury Surface, Space ENvironment, 
GEochemistry, and Ranging, or MESSENGER— 
was launched in August 2004 and after a long and 
circuitous route through the inner solar system will 
become, in March 2011, the first probe to orbit 
Mercury. Is the leadership of a spacecraft mission 
of exploration—an effort that surely qualifies as a 
large-scale “product of team activity’—consistent 
with the expressed intent of Andrew Carnegie and 


' Andrew Carnegie, Deed of Trust, 1902, Year Book no. |, p. xiii 


(Washington, D.C.: Carnegie Institution of Washington, | 903). 


Merle A. Tuve, ‘Is science too big for the scientist?” Saturday Review 62, 
no. 23, pp. 49-52, June 6, 1959. 


Left: The MESSENGER spacecraft left Earth at 2:15:56 am. EDT on August 3, 2004, aboard a Boeing Delta Il rocket launched from 
Cape Canaveral Air Force Station, Florida. (Image courtesy The Johns Hopkins University Applied Physics Laboratory and NASA.) 
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the resolute opinion of Merle Tuve that the focus 
of our institution should be on the creative investi- 
gator? I believe that it is. 


The innermost planet has been visited by only a 
single spacecraft. Mariner 10 flew by Mercury 
three times in 1974 and 1975. Each flyby was sep- 
arated by two Mercury “years”—two revolutions of 
Mercury about the Sun. Mercury is in a rotational 
state unique in the solar system, in that the planet’s 
spin period is exactly two-thirds of the rotational 
period. As a consequence the solar day on 
Mercury—the time between successive passages of 
the Sun overhead—is equal to two Mercury years. 
Mariner 10 therefore saw the same side of Mercury 
lit by the Sun during each of its three close 
encounters, and more than half of Mercury was 
never imaged. The images of the surface that 
Mariner 10 did obtain stimulated arguments about 
the planet’s geological history that continue to the 
present, and other discoveries by Mariner 10 raised 
many questions still not answered. 


Even before the Mariner 10 mission, it was known 
that Mercury is unusually dense. After correcting 


Fig. I. On the basis of its bulk density, Mercury must have 
a central core consisting mostly of iron metal and occupying 
a fraction of the planetary interior much larger than that for 
Earth’s core (left). Earth has a solid inner core and a fluid 
outer core, shown to approximate scale; Earth’s magnetic 
field is sustained by a hydromagnetic dynamo in the outer 
core. The nature of Mercury’s core and the origin of the 
planet’s magnetic field remain to be determined. (Image 
courtesy NASA and The Johns Hopkins Applied Physics 
Laboratory.) 


for the effects of self-compression by interior pres- 
sure, the “uncompressed” density of the material 
inside Mercury is substantially higher than that of 
any of the other planets. Because Mercury, like the 
other inner planets, is composed of rock and metal, 
the high density implies that the mass fraction of 
metal occupying a central core in Mercury is at 
least 60%, a fraction twice as high as that for the 
Earth (Fig. 1). Mercury’s high metal fraction must 
date from early in solar system history when the 
inner planets were assembled from material within 
the nebula of dust and gas that surrounded the 
young Sun. One hypothesis is that the material of 
the innermost nebula, from which Mercury was 
later predominantly accreted, was enriched in 
metal because the lighter silicate grains were pref- 
erentially slowed by interaction with the nebular 
gas and tended to fall into the Sun. Another 
hypothesis is that after Mercury accreted to full 
planetary size and a central metal core differenti- 
ated from a silicate shell, the silicate fraction was 
partially vaporized by a high-temperature nebula 
and the vapor was driven off by a strong solar 
wind. A third hypothesis—championed by DTM’s 
George Wetherill—is that after Mercury accreted 


Fig. 2. Observations by Mariner |0 and extrapolations 
from spacecraft measurements near the Earth suggest that 
the magnetosphere of Mercury is a miniature version of the 
Earth’s magnetosphere generated by the interaction of the 
Earth’s internal magnetic field with the solar wind. Many 
details of Mercury’s magnetic field and magnetosphere are 
not understood, however, in large part because of the lim- 
ited sampling by Mariner | 0. (Figure courtesy James A. 
Slavin, NASA Goddard Space Flight Center.) 


and differentiated core from mantle, the planet was 
the target of a giant impact that stripped off and 
ejected much of the outer silicate fraction. These 
three hypotheses, which differ strongly in their 
implications for how the inner planets came to dif- 
fer in bulk composition, are testable because they 
predict different outcomes for the major-element 
chemistry of the silicate fraction of the planet. 
Mariner 10 carried no chemical remote sensing 
instruments, and ground-based efforts to deduce 
compositional information about Mercury’s surface 
from the identification of mineral absorption bands 
in reflected visible and infrared radiation have had 
only limited success. Sorting out how Mercury 
ended up a dominantly iron planet requires chemi- 
cal remote sensing from an orbiting spacecraft. 


One of the major discoveries of Mariner 10 was 
that Mercury has an internal magnetic field. ‘This 
was a surprising finding, because a planet as small 
as Mercury should have cooled over its lifetime to a 
greater extent than Earth. Earth’s magnetic field is 
known to arise through the dynamo action of con- 
vective motions in its fluid metal core, and numeri- 
cal models of interior cooling predict that a pure 
iron core in Mercury would have fully solidified by 
now. The field detected by Mariner 10 appears to 
be predominantly dipolar, like Earth’s field, but the 
dipole moment is smaller by a factor of about 10°. 
An Earth-like hydromagnetic dynamo in a fluid 
outer core is only one of several ideas postulated to 
account for Mercury’s magnetism. A fossil field in 
Mercury’s crust remaining from an earlier era when 
a core dynamo was active is another possibility, and 
more exotic dynamos (e.g., thermoelectric currents 
driven by temperature variations at the top of a 
metal core with a bumpy outer boundary) have also 
been suggested. These hypotheses can be distin- 
guished because they predict different geometries 
for the present planetary field, and magnetic field 
measurements made from an orbiting spacecraft 
can separate internal and external fields and map 
the internal field. Mercury’s magnetosphere—the 
envelope of space dominated by the planetary field 
and defined by the interaction of that field with the 
solar wind plasma streaming from the Sun—is the 
most similar to Earth’s magnetosphere among the 
planets, but with important differences (Fig. 2). 
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Fig. 3. Mariner |0 images 
of Mercury were obtained 
with three color filters. 
This mosaic, with false 
colors selected to empha- 
size spectral variations 
with chemistry and miner- 
alogy seen on the Moon, 
illustrates that geological 
units on Mercury can be 
distinguished on the basis 
of color and that informa- 


tion on mineralogy is 
derivable from surface 


spectral reflectance mea- 
surements. (Image cour- 
tesy Mark Robinson, 
Northwestern University.) 


The solar wind fields are stronger closer to the 
Sun; Mercury occupies a much larger fractional 
volume of its magnetosphere because of its weaker 
internal field; and Mercury lacks an ionosphere, 
the site of important current systems in Earth’s 
magnetosphere. Mercury’s magnetosphere is there- 
fore an important laboratory for generalizing our 
understanding of Earth’s space environment. 


The geological history of Mercury has been 
deduced from the images taken by Mariner 10, but 
there are many unanswered questions. Mercury’s 
surface consists primarily of heavily cratered and 
smooth terrains (Fig. 3) that are at least superfi- 
cially similar in morphology and relative strati- 
graphic relationship to the highlands and 
geologically younger maria, respectively, on the 
Moon. Whereas the lunar maria are known to con- 
sist of basaltic lava flows on the basis of samples 
returned by the Apollo missions and orbital images 
of frozen lava flow fronts in several maria, the 
smooth plains on Mercury are higher in albedo 
(i.e., brighter in reflected light) than the lunar 
maria and no volcanic features can be seen in the 
relatively coarse-resolution Mariner 10 images. 
The role of volcanism in Mercury’s history is there- 
fore an open issue. From the standpoint of large- 
scale deformation, Mercury shows evidence for an 


CARNEGIE INSTITUTION 


YEARBOOK 05-04 


Fig. 4. The longest known lobate scarp on 
Mercury is Discovery Rupes, shown in this 
Mariner 10 image mosaic. The scarp is 550 km 
long and displays | km or more of topographic 
relief. Arrows denote the approximate direction 
of underthrusting of the crustal block to the 
right beneath the block to the left. The crater 
Rameau (R), transected by the scarp, is 60 km 
in diameter. (Image courtesy Mark Robinson, 
Northwestern University.) 
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Fig. 5. This radar image of the north polar 
region of Mercury, obtained at the Arecibo 
Observatory in 1999, demonstrates that 
Mercury’s radar-bright polar deposits lie within 
the floors of large impact craters. The radar 
direction is from the upper left, the resolution is 
1.5 km, and the image is shown in polar projec- 
tion. (Image courtesy John Harmon, Cornell 
University.) 


interesting history. The most prominent deforma- 
tional features are the lobate scarps (Fig. 4), 
thought to be the surface expression of large thrust 
faults produced by horizontal shortening of the 
crust. The apparently random orientations of these 
scarps on all terrain types has led to the interpreta- 
tion that they are the product of global contrac- 
tion—a shrinkage of the planet as the interior 
cooled and the core solidified. Global shrinkage 
was at one time suggested as an explanation for the 
formation of mountain systems on Earth, but that 
idea was discarded with the acceptance of plate 
convergence at subduction zones. Mercury may be 
the one planet where a record of such shrinkage is 
preserved. A critical test of that conclusion will be 
possible when images are taken of the hemisphere 
that Mariner 10 did not view. 


Mariner 10 detected the presence of hydrogen, 
helium, and oxygen in Mercury’s tenuous atmos- 
phere. Ground-based spectroscopic observations 
led to the discovery of additional species, including 
sodium, potassium, and calcium. Most of these 
constituents are too abundant to be derived from 
the solar wind, and their atmospheric lifetimes are 
much shorter than the age of the planet, so there 
must be steady sources at the planetary surface. 
The specific processes controlling the sources and 
sinks of atmospheric components are not well 
known, however. Key information from an orbiting 
spacecraft that would help to discriminate among 
competing hypotheses are the detection of addi- 
tional species and the monitoring of atmospheric 
properties as functions of time of day, solar dis- 
tance, and level of solar activity. One or more addi- 
tional volatile species appear to be present at the 
surface near the planetary poles. Ground-based 
radar imaging of Mercury led to the discovery in 
1991 of radar-bright polar deposits localized 
within the floors of near-polar impact craters (Fig. 
5). The deposits have radar reflectivities and polar- 
ization characteristics that are well matched by 
water ice, although other materials have also been 
suggested. Ices are stable for billions of years in 
such areas because Mercury’s obliquity (the tilt of 
its spin axis from the normal to the orbital plane) is 
nearly zero and the floors of near-polar craters are 
in permanent shadow and consequently very cold. 


Remote sensing measurements from an orbiting 
spacecraft are needed to confirm the composition 
of these trapped volatiles. 


Given the broad sweep of issues addressable with a 
Mercury orbiter, why did 30 years pass between the 
first Mercury flyby of Mariner 10 and the launch of 
the next mission to the innermost planet? The 
answer to this question has several parts. After 
Mariner 10's discoveries, there was widespread inter- 
est in a Mercury orbiter mission, but it was thought 
that conventional propulsion systems could not be 
used to inject a spacecraft into Mercury orbit 
because the required change in velocity was too 
large. In the mid-1980s multiple gravity-assist tra- 
jectories were discovered that could achieve Mercury 
orbit insertion with existing propulsion systems, but 
the 1980s were a difficult era in the history of plane- 
tary mission launches. NASA had adopted the pol- 
icy that the Space Shuttle would be the sole launch 
vehicle for its missions. At the same time, the plane- 
tary exploration program was emphasizing large, 
complex, and costly spacecraft, which for budgetary 
reasons tended to be launched infrequently. The 
Challenger disaster in 1986 shut down NASA’s 
launch capability and created a queue of planetary 
missions awaiting flight. By 1989, when flagship 
missions to Jupiter and Venus were launched, 11 
years had passed since the previous U.S. planetary 
mission had left Earth. In the early 1990s, NASA 
reexamined its approach to planetary exploration, 
and Wesley Huntress—now the director of the 
Geophysical Laboratory but at that time the NASA 
Associate Administrator for Space Science—initi- 
ated the Discovery Program. 


The Discovery Program is a partnership between 
NASA and the planetary science community 
whereby mission opportunities are regularly com- 
peted. Limits are set on total mission cost, devel- 
opment time, and launch vehicle, but a proposing 
team is free to offer any mission concept that satis- 
fies those limits. Review panels then recommend 
for selection the mission proposals that offer com- 
pelling scientific return but are at the same time 
technically and financially feasible. Mercury was 
the target of a number of early unsuccessful pro- 


posals to the Discovery Program, but the MES- 
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SENGER mission concept was born when engi- 
neers and space scientists at The Johns Hopkins 
University Applied Physics Laboratory (APL) 
came up with mission and spacecraft designs that 
looked practicable. In 1996 APL approached me 
about serving as Principal Investigator for a 
Discovery Program proposal, and after a couple of 
early discussions I agreed. We assembled a team of 
scientific investigators, and we selected a set of 
payload instruments that could make all of the 
global measurements discussed above. Our pro- 
posal was selected for further study, but our sec- 
ond-round effort in 1997 was deemed too risky by 
NASA, in large part because of concern with the 
ability of the spacecraft to survive the harsh ther- 
mal environment at Mercury. APL carried out an 


Fig. 6. The complex process of assembling and 
testing the MESSENGER spacecraft and mating it 
to its launch vehicle extended over a year and a 
half. Shown is the spacecraft on July 14, 2004, 
after it was attached to the payload assist mod- 
ule of the Delta II third stage at Astrotech Space 
Operations in Titusville, Florida. The two flat, 
reflective panels are the solar arrays stowed in 
their launch positions. (Image courtesy NASA 
and The Johns Hopkins University Applied 
Physics Laboratory.) 
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extensive testing of critical spacecraft components 
under high-temperature vacuum conditions, and 
we reproposed in 1998. We were again selected for 
a second phase of study, and after a thorough sec- 
ond review MESSENGER was selected for flight 
in July 1999. Within a week of selection, Congress 
had cut MESSENGER and several other missions 
from the NASA budget then under consideration, 
but by the passage of the final appropriations bill 
that year MESSENGER had been restored. 


Between mission selection and launch were five 
event-filled years. We saw multiple changes in pro- 
grammatic management at NASA and heightened 
concern for mission risk as a number of other robotic 
and piloted missions suffered losses. The MESSEN- 
GER team struggled with changes in project man- 
agement and engineering subsystem leadership, late 
delivery of key subsystems and instruments, multiple 
failures of critical electronic components, consequent 
schedule delays, and two postponements of launch 
opportunities. A robust and thoroughly tested 
spacecraft nonetheless was delivered, mated to its 
launch vehicle (Fig. 6), and successfully sent on its 
multiyear journey toward Mercury. 


The MESSENGER mission carries two notes of 
irony. The first is that one of the principal objec- 
tives of the mission—to understand Mercury’s 
magnetic field and its relationship to the Earth’s 
magnetic field—runs counter to the fact that ter- 
restrial magnetism has not been a major focus of 


research at DTM for nearly half a century. 


The second irony is that the organization that 
designed and built the MESSENGER spacecraft 
and is now managing the mission is APL, estab- 
lished by Merle Tuve during World War IT as an 
off-campus laboratory to complete the develop- 
ment of the antiaircraft proximity fuze. 
Notwithstanding Tuve’s admonition that a large- 
scale “product of team activity” is rarely if ever a 
“germ of new knowledge,” the members of the 
MESSENGER team at the institution that Tuve 
began are working hard to ensure that the space- 
craft successfully carries out its full mission. Given 
its broad objectives, MESSENGER surely fits 
Andrew Carnegie’s intention that this institution 
“encourage investigation, research, and discovery.” 
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The world is rapidly becoming smaller. Prior to 
about 1900, discoveries emphasized the Earth’s 
vast size, diversity, and complexity, which made 
the world seem big. Scientists assembled giant cat- 
alogs of the rocks of the Himalayas and the birds 
of New Guinea, but they did not understand the 
processes that led to their diversity and relation- 
ships. The 20" century witnessed an explosion of 
new knowledge about the underlying mechanisms 
governing these observations, ranging from evolu- 
tion by natural selection to plate tectonics. These 
advances provided a framework for understanding 
the structure, function, and origin of the natural 
world. And this framework has become a major 
force shrinking the world, as it increasingly allows 
explanations of how the vast diversity of organisms, 
structures, and processes are linked. 


Science is now embarking on a broad series of ven- 
tures that will shrink the world even further. If the 
20% century was the age of mechanism, the 21* 
will almost certainly be the age of integration. The 
combination of greatly expanded observations and 
knowledge about the workings of individual 
processes is creating the opportunity to discover 
mechanisms that operate across many levels of 
organization. This trend is occurring across the sci- 
ences, but especially in biology. One example is in 
the flowering of genomics, a field based on molec- 
ular tools that link the function of genes and whole 
organisms. Another is in neurobiology, which has 
moved from the study of neurons to the study of 
nervous systems. In ecology, the era of integration 


is developing along many paths. All of these, how- 
ever, are characterized by an emphasis on under- 
standing how interactions among the parts of the 
Earth system—ecosystems, the physical earth, and 
people—shape its structure, function, and future. 
The breakthroughs in the field of ecology in the 
21* century will come less from details about the 
workings of parts of the system than from under- 
standing the connections. 


The Department of Global Ecology (DGE), 
founded on July 1, 2002, is at the forefront of 
integration in ecology. Linking concepts and 
approaches from biology, atmospheric science, soil 
science, hydrology, and even the social sciences, 
members of the department are developing new 
perspectives on ecosystems and the ways they func- 
tion. Ours is basic research, but it is research 
closely related to applied questions. In the face of 
human actions leading to land-use change, climate 
change, introductions of non-native plants and 
animals, and losses of native species, an under- 
standing of the processes that underlie ecosystem 
structure and function is a critical prerequisite for 
intelligent decisions about managing the future. 


Throughout the department’s first years the three 
founding faculty members—Greg Asner, Joe 
Berry, and I—have worked on diverse problems, 
ranging from local to global in scale, and in loca- 
tions as varied as our new lab in California to the 
deserts of Arizona and the forests of Brazil (Fig. 
1). In addition to doing research, we were active as 


Left: Greg Asner and colleagues are using remote sensing and high-altitude aircraft combined with field studies to understand the changing 
ecology in Hawai'i. Their field site on the island of Kauai is shown here. (Image courtesy Greg Asner.) 
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Fig. |. Much of the work of the department involves high- 
tech instruments or complicated computer models. A large 
fraction, however, involves getting to remote field sites for 

simple measurements. Here, Greg Asner employs appropri- 
ate technology to access field sites in the Brazilian Cerrado, 
a dry forest. (Image courtesy Gabriela Nardoto.) 


editors and synthesizers. Greg, along with Ruth 
DeFries (University of Maryland) and Richard 
Houghton (Woods Hole Research Center) edited 
a major new book on ecosystems and land-use 
change. Mike Raupach (CSIRO Australia) and I 
edited a new synthesis on the global carbon cycle. 
All of our activities were marked by an emphasis 
on integration, on using new concepts and tools to 
expand the domain of feasible investigation. 


One of the main thrusts in the research over the 
last year was to extend analytical techniques to 
operate over larger areas. This step is critical to 
accurately quantifying large-scale processes, 

which are too often estimated from spot mea- 
surements and questionable scaling algorithms. 
Joe’s lab has taken a lead in scaling the technol- 
ogy for measuring chlorophyll fluorescence from 
the level of a single leaf to the scale of the canopy. 
When leaves of a plant absorb light, they reemit a 
small fraction as fluorescence, which emanates 
from chlorophyll, the key pigment of photosynthe- 
sis. Chlorophyll fluoresces at a characteristic wave- 
length that is longer (redder) than the light it 


absorbs. Variations in the fraction of absorbed light 
(the yield) reemitted as fluorescence are sensitive 
indicators of the photosynthetic processes occur- 
ring in the leaf. When a leaf, algae, or a solution of 
chlorophyll is illuminated with light filtered to 
remove the wave band where fluorescence occurs, 
the fluorescence appears as a deep red glow (just at 
the limit of human vision). This kind of filtering 
has been a staple of laboratory photosynthesis 
research for decades. It is relatively easy to measure 
chlorophyll fluorescence yield in the laboratory; 
however, it has been difficult to apply this technol- 
ogy to the canopy level. This obstacle occurs because 
leaves in nature are illuminated with full-spectrum 
sunlight, which overpowers the dim light from 
fluorescence, making it difficult to observe. 


Fig. 2. This prototype remote sensing instru- 
ment for chlorophyll fluorescence operates at 
distances of up to 50 meters from the target 
leaf or canopy. The insert at lower left shows a 
target leaf being illuminated by the laser. The 
equipment attached to the leaf permits simulta- 
neous measurements of photosynthesis and 
fluorescence for calibration. (Image courtesy 
Barry Osmond.) 


Joe, along with Paul Falkowski (Rutgers University), 
Zbigniew Kolber and Dennis Klimov (Monterey 
Bay Research Institute), Uwe Rascher (Research 
Center Jiilich, Institute of the Phytosphere, 
Germany), and Barry Osmond (former director of 
the Biosphere 2 Laboratory) are testing a prototype 
remote sensing instrument (Fig. 2) that uses a laser 
to create repeated pulses of fluorescence, which can 
be quantified as the time-varying component of the 
total light, even when fluorescence is a tiny fraction 
of the magnitude of sunlight. This instrument can 
be mounted on a tower or a helicopter for canopy- 
scale measurements. The basic principle of the 
instrument builds on a long history of Carnegie 
research. Olle Bjérkman (formerly a faculty mem- 
ber with Plant Biology, now retired) and former 
fellow Barbara Demmig began a line of studies in 
the 1980s that solidified the foundation for using 
fluorescence to quantify photosynthesis. Later con- 
tributions from Olle, Joe, Plant Biology faculty 
member Arthur Grossman, and former fellows 
Engelbert Wiess and Kris Niyogi extended the link 
between fluorescence and photosynthesis to the 
molecular scale. 


The development of new remote sensing techniques 
was also a major theme in Greg’s lab, where there 
are far-flung projects on quantifying forest distur- 
bance and the chemical composition of forest 
canopies. It is relatively straightforward to estimate 
large-scale deforestation from satellite data, but it is 
difficult to even detect selective logging, the removal 
of scattered trees on a one-by-one basis. Yet, selec- 
tive logging has important impacts on many of the 
world’s forested ecosystems. Wrapping up five years 
of field-based studies, Greg’s lab developed tech- 
niques to detect both the extent of selective logging 
in the Amazon and its impacts on the structure of 
the forest (Fig. 3). Along with senior technician 
David Knapp, Greg brought these techniques to 
“industrial scale” in the Carnegie Landsat Analysis 
System, or CLAS. CLAS provides automated 
detection of deforestation, selective logging, and 
many other types of forest disturbance using stan- 
dard satellite technologies. The group is now using 
CLAS to map more than 20 million square kilome- 
ters of forest. 


CARNEGIE INSTITUTION 


Fig. 3. This satellite imagery is interpreted to 
show undisturbed forest (green), deforestation 
(red), and selective logging (blue) in the Brazilian 
Amazon. The algorithm used for selective har- 
vesting quantifies the area affected. (Image cour- 
tesy Kathy Heidebrecht.) 


Another area where remote sensing techniques 
have been developed in Greg’s lab is canopy chem- 
istry and species identification. Until recently, 
remote sensing of vegetation meant primarily 
sensing greenness, based on a simple index, or 
disturbed areas, based on shape. Greenness and the 
shapes of disturbed areas reveal important features 
of an ecosystem, but the picture they provide is 

far from comprehensive. In particular, subtle but 
important changes in element cycling are often 
reflected in changes in the chemical composition 
of leaves. Responses to these changes, or to 
changes in climate, often involve changes in the 
relative abundance of the plant species that form 
the forest. Invasions by non-native species, which 
have reached crisis proportions in many of the 
world’s ecosystems, are notoriously difficult to 
detect using remote sensing. 


A large-scale (3-acre) water-diversion experiment 
in the Amazon provided Greg and Dan Nepstad 
(Woods Hole Research Center) an opportunity to 
explore techniques for quantifying the changes in 
the rain forest canopy in response to artificially 
imposed drought. Using a new generation of 
hyperspectral imager, with data at many wave- 
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Fig. 4. The satellite image shown here is interpreted to 
show the spatial distribution of canopy nitrogen and canopy 
water content near the Kilauea volcano, on the island of 
Hawai’i. Canopy nitrogen and water are important for bio- 
geochemical studies and can also be used to map non-native 
invasive plants. (Image courtesy Amanda Warner.) 


lengths, they were able to quantify changes in the 
water and nitrogen content of the plant canopy. In 
Hawai'i, Greg and Peter Vitousek (Stanford) vali- 
dated this approach by comparing remote sensing 
measures of canopy water and nitrogen content 
against direct, field-level measurements at many 
sites (Fig. 4). The result not only confirmed the 
generality of the technique, it also demonstrated 
that the signatures for canopy water and nitrogen 
can be used on Hawai'i to map the abundance and 
distribution of two important non-native, invasive 
species. Using a different approach to map inva- 
sives, Greg used satellite data from Tahiti to 
develop a signature for Miconia calvescens, a destruc- 
tive invasive plant on both Tahiti and Hawai’. The 
signature from Tahiti revealed previously known 
and unknown infestations on Hawai'i, motivating a 
broader application of this technology. 


A final example of remote sensing technique devel- 
opment comes from my lab, where we are using 
spectral reflectance to quantify impacts of global 
changes (Fig. 5). My colleague Nona Chiariello 
(Stanford) and I are testing approaches for quanti- 
fying the sometimes subtle changes in canopy 
structure and chemical composition that result 
from warming, elevated atmospheric carbon diox- 
ide, and a range of other treatments designed to 


simulate climate conditions expected in 2100. The 
methods we are developing will be compatible with 
future deployment on satellites or aircraft. At the 
same time, the spectral reflectance is providing a 
powerful, nondestructive method for following 
effects of the treatments, especially changes in 
plant species composition and in the timing of fea- 
tures such as flowering and senescence. 


Several of the efforts in the department focus on 
quantifying aspects of the carbon cycle, a critical 
lever in climate change. Increased carbon storage 
by land and ocean ecosystems, through increased 
photosynthesis or expansion of forests could, to 
some extent, decrease the urgency of decreasing 
emissions of greenhouse gases from human activi- 
ties. On the other hand, decreased rates of carbon 
storage or releases from increased wildfire or other 
mechanisms could amplify the need for reducing 
human-induced greenhouse gas emissions. 


In Greg’s lab, one major theme of carbon research 
involved studies on how cattle ranching, climate 
change, and fire management are changing grass- 
land and woodland ecosystems in the American 
Southwest. Working in southern Arizona, Greg, 
Stanford graduate student Winston Wheeler, pro- 
grammer Bob Haxo, and others are using a combi- 
nation of field, remote sensing, and modeling 


Fig. 5. Nona Chiariello (Stanford) measures 
spectral reflectance of a grassland that is part of 
the Jasper Ridge Global Change Experiment, a 
study that explores the responses of California 
grassland to 16 possible future environments. 
(Image courtesy Chris Field.) 
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Fig. 6. The Global Ecology building, completed in March 2004, is a high-performance structure. It 
uses a combination of careful layout, appropriate materials, and innovative mechanical and electrical 
systems to achieve carbon emissions per occupant that are lower by a factor of 4 to 6 than those of 
other new labs in California. (Inset image courtesy Peter Aaron for ESTO; large image courtesy 
Wengiang Tang.) 


techniques to understand changes in the extent of 
and carbon storage by pinyon pine/juniper wood- 
lands. Following in the footsteps of renowned 
Carnegie scientist Forrest Shreve (Department of 
Botanical Research 1908-1948), they are studying 
how climate variability affects the geographic 
distribution of plants and how the explosion of 
human activities in the Southwest may change 
ecosystems in the coming decades. With remote 
sensing data from both aircraft and satellites, 
Greg and colleagues developed detailed geographic 
analyses of ecosystem condition in and around five 


USS. national parks. 


The department also has studies on future food 
security, which are closely related to the work on 
carbon. Stanford graduate student David Lobell, 
along with Greg and other collaborators, analyzed 
the role of climate variability and management in 
determining cropland yields in large parts of Mexico 
and the U.S. Using satellite imagery as their primary 


tool, they found that agricultural yields can be pre- 
dicted before harvest and that these yields are largely 
controlled by climate, even with improved manage- 
ment to increase crop growth. 


Stanford graduate students Kim Nicholas Cahill, 
Elsa Cleland, and Claire Lunch, working with me, 
took a different approach to food security. Working 
with a large group of collaborators, we examined the 
sensitivity of several sectors of California agriculture 
to future climate change. We identified several crops 
as potentially sensitive to climate change in this cen- 
tury. The wine grape and dairy industries (two of 
the largest sectors of California agriculture) may be 
especially sensitive, and will experience greater 
impacts if the world’s economies stick to their cur- 
rent dependence on fossil fuels and smaller impacts 
if emissions grow more slowly. 


A final theme in the department over the last year 
was moving into our new home, which was com- 
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Fig. 7. Members of the Global Ecology staff are shown in 2004. First row (from left): April Villagomez, Robin Martin, 
Claire Lunch, Kathleen Brizgys, Yuka Otsuki-Estrada, Chris Field, and Todd Tobeck. Second row: Bob Haxo , Kim 
Carlson, Kathi Bump, Lisa Moore, Elsa Cleland, Mary Smith, Linda Longoria, Ismael Villa, and Angelica Vasquez. Third 
row: Guanghui Lin, Ulli Seibt, John Juarez, Jason Funk, David Knapp, David Lobell, Glenn Ford, Susan Finlayson, and 
Hugh Henry. Fourth row: Paulo Oliveira, David Kroodsma, George Merchant, Joe Berry, Greg Asner, Eben Broadbent, 
Paul Sterbentz, and Lars Hedin. 


pleted in March 2004 (Fig. 6). With numerous 
features designed to save energy and otherwise 
reduce its environmental impact, the building has 
provided many opportunities to explore practical 
approaches to solving some of the environmental 
problems we study. To the delight of the entire 
DGE community, we have proved that it is possi- 
ble to work in a structure that is comfortable and 
attractive as well as energy-efficient. 


Though the Department of Global Ecology is new 
and the group is small, we are already widely rec- 
ognized as playing a leading role in the emergence 


of this new field. By linking ecosystem-scale 
experiments, global-scale observations, and com- 
puter models, plus other kinds of synthesis, we are 
developing and testing novel tools to track and 
understand ecosystem responses to the varied con- 
ditions that we might expect in the world of the 
future. The world and its ecosystems are changing 
rapidly, in many ways. Just as a driver at night 
strains to see at the limit of the headlights, the 
changing world of tomorrow will require manage- 
ment at the limits of our understanding. In the 
Department of Global Ecology, we are proud to 
be improving the planet’s headlights. 


Department of Global Ecology Personnel 


July 1, 2003 — June 30, 2004 


Research Staff Members 


Gregory Asner 
joseph A. Berry 
Christopher B. Field, Director 


Visiting Investigators 


joseph Buckley, University of California, Santa 
Cruz! 

Guanghui Lin, Columbia University 

Rebecca Shaw, Nature Conservancy 


Postdoctoral Fellows and 
Associates 


effrey Dukes, Mellon Research Associate? 
Andrew Elmore, Mellon Research Associate 
Brent Helliker, NSF Research Associate 
Robin Martin, NASA Research Associate* 
Florent Mouillot, NASA Research Associate® 
Lydia Olander, NSF Research Fellow 


Predoctoral Fellows and Associates 


athryn Amatangelo, Stanford University 
ion Benner, Stanford University* 

im Nicholas Cahill, Stanford University® 
Elsa Cleland, Stanford University 

jason Funk, Stanford University* 

ohn Juarez, Stanford University 

David Kroodsma, Stanford University” 
Claire Lunch, Stanford University® 

Lisa Moore, Stanford University 

Halton Peters, Stanford University 
Winston Wheeler, Stanford University 


Supporting Staff 


Alison Appling, Field/Laboratory Technician? 
Kathleen Brizgys, Field/Laboratory Technician® 
Amanda Cooper, Laboratory Technician 
Susan Finlayson, Laboratory/Field Assistant'° 
Elizabeth Forwand, Laboratory/Field Assistant! | 
Susan Gere, Laboratory/Field Assistant 
Lawrence Giles, Senior Laboratory Technician 
jessica Guh, Laboratory/Field Assistant 
Nathan Hamm, Laboratory/Field Assistant? 
Thomas Harris, Laboratory Technician'* 
athleen Heidebrecht, Laboratory Technician 
john Juarez, Laboratory/Field Assistant 

David Knapp, Senior Technician? 

David Kroodsma, Field/Laboratory Technician® 
Linda Longoria, Administrative Assistant 
Robin Martin, Laboratory Technician® 
George Merchant, Senior Programmer 
Michael Milne, Laboratory/Field Assistant 
Molly Palmer, Laboratory Technician'? 

Olivia Sinaiko, Field/Laboratory Technician? 
Tawni Tidwell, Field/Laboratory Technician? 
Todd Tobeck, Laboratory Technician 

April Villagomez, Laboratory Assistant'* 
Amanda Warner, Laboratory Technician'* 
Pepper Yelton, Laboratory/Field Assistant'® 


'From August 26, 2003, to December 20, 2003 
*From January |, 2004 

3To December 31, 2003 

4To October 31, 2003 

5To July 31, 2003 

6From October |, 2003 

’To August 31, 2003 

5From September |, 2003 

°From April 5, 2004 

°To February |, 2004 

"From April 16, 2003, to July 15, 2003 
'2T9 December 12, 2003 

'3From January 20, 2004 

'Erom March 16, 2004 

'STo February 28, 2004 

®From April 16, 2003, to July 10, 2003 


Bibliography | 


Asner, G. P., Biophysical remote sensing signa- 
tures of arid and semi-arid ecosystems, in Manual 
of Remote Sensing, Vol. 4: Remote Sensing for 
Natural Resource Management and Environmental 
Monitoring, S. Ustin, ed., pp. 53-109, John Wiley 
& Sons, New York, 2004. 


Asner, G. P., R. S. DeFries, and R. Houghton, 
Typological responses of ecosystems to land use 
change, in Ecosystems and Land Use Change, R. 
Defries, G. Asner, and R. Houghton, eds., pp. 
337-344, American Geophysical Union, 
Washington, D.C., 2004. 


Asner, G. P., A. J. Elmore, L. P. Olander, R. E. 

Martin, and A. T. Harris, Grazing systems, ecosys- 
tem responses, and global change, Annual Review 
of Environment and Resources 29, 261-299, 2004. 


Asner, G, P., and K. B. Heidebrecht 
Desertification alters regional ecosystem-climate 
interactions, Glob. Change Biol. | | (no. |), 182- 

194, 2005. 


Asner, G, P., and K. B. Heidebrecht, Imaging 
spectroscopy for desertification studies: compar- 
ing AVIRIS and EO-| Hyperion in Argentina dry- 
lands, IEEE Trans. Geosci. Remote Sens. 41 (no. 6), 
1283-1296, 2003. 


Asner, G. P., J. A. Hicke, and D. B. Lobell, Per- 
pixel analysis of forest structure: vegetation 
indices, spectral mixture analysis, and canopy 
reflectance modeling, in Methods and Applications 
for Remote Sensing of Forests: Concepts and Case 
Studies, M. Wulder and S. E. Franklin, eds., pp. 
209-254, Kluwer, New York, 2003. 


Asner, G. P., M. Keller, R. Pereira, J. C. Zweede, 
and J. N. M. Silva, Canopy damage and recovery 
after selective logging in Amazonia: field and 
satellite studies, Ecol. Appl. |4 (no. 4, Suppl. S), 
$280-S298, 2004. 


Asner, G, P., M. Keller, and J. N. M. Silva, Spatial 
and temporal dynamics of forest canopy gaps 
following selective logging in the eastern 
Amazon, Glob. Change Biol. 10 (no. 5), 765-783, 
2004. 


Asner, G. P., and R. E. Martin, Biogeochemistry of 
desertification and woody encroachment in graz- 
ing systems, in Ecosystems and Land Use Change, 
R. Defries, G. Asner, and R. Houghton, eds., pp. 
99-116, American Geophysical Union, 
Washington, D.C., 2004. 


Asner, G. P., D. Nepstad, G. Cardinot, and D. 
Ray, Drought stress and carbon uptake in an 
Amazon forest measured with spaceborne imag- 
ing spectroscopy, Proc. Natl. Acad. Sci. USA 101 
(no. 16), 6039-6044, 2004. 


Asner, G. P., A. R. Townsend, M. M. C. 
Bustamante, G. B. Nardoto, and L. P. Olander, 
Pasture degradation in the central Amazon: link- 
ing changes in carbon and nutrient cycling with 
remote sensing, Glob. Change Biol. 10 (no. 5), 
844-862, 2004. 


Asner, G. P., and A. S. Warner, Canopy shadow 
in IKONOS satellite observations of tropical 
forests and savannas, Remote Sens. Environ. 87 
(no. 4), 521-533, 2003. 


Billesbach, D. P., M. L. Fischer, M. S. Torn, and J. 
A. Berry, A portable eddy covariance system for 
the measurement of ecosystem-atmosphere 
exchange of CO,, water vapor, and energy, J. 
Atmosph. Oceanic Technol. 21 (no. 4), 639-650, 
2004. 


Cleland, E. E, M. D. Smith, S. J. Andelman, C. 
Bowles, K. M. Carney, M. C. Horner-Devine, J. M. 
Drake, S.M. Emery, J. M. Gramling, and D. B. 
Vandermast, Invasion in space and time: non- 
native species richness and relative abundance 
respond to interannual variation in productivity 
and diversity, Ecol. Lett. 7 (no. 10), 947-957, 
2004. 


Cowling, S. A., and C. B. Field, Environmental 

control of leaf area production: implications for 
vegetation and land-surface modeling - art. no. 
007, Glob. Biogeochem. Cycles 17 (no. |), 2003. 


Cozzarelli, N. R., et al. (with | 10 authors includ- 
ing C. B. Field), Uncensored exchange of scien- 
ific results, Proc. Natl. Acad. Sci. USA 100 (no. 4), 
1464, 2003. 


Defries, R. S., G. P. Asner, and R. A. Houghton, 
Trade-offs in land-use decisions: towards a 
ramework for assessing multiple ecosystem 
responses to land-use change, in Ecosystems and 
Land Use Change, Geophysical Monograph 
Series, Vol. 153, R. Defries, G. Asner, and R. 
Houghton, eds., pp. 1-9, American Geophysical 
Union, Washington, D.C, 2004. 


Defries, R. S., J. A. Foley, and G. P. Asner, Land- 
use choices: balancing human needs and ecosys- 
em function, Frontiers Ecol. Environ. 2 (no. 5), 
249-257, 2004. 


a 


Defries, R, G. Asner, and R. Houghton, eds., 
Ecosystems and Land Use Change, Geophysical 
Monograph Series, Vol. 153, American 
Geophysical Union, Washington, D.C., 2004. 


ield, C. B., and J. Kaduk, The carbon balance of 
an old-growth forest: building across approaches, 
Ecosystems 7 (no. 5), 525-533, 2004. 


continued on next page 


Department of Global Ecology Bibliography 


Field, C. B., M. R. Raupach, and R. Victoria, The 
Global carbon cycle: integrating humans, climate, 
and the natural world, in The Global Carbon Cycle: 
Integrating Humans, Climate, and the Natural 
World, C. B. Field and M. R. Raupach, eds., pp. |- 
13, Island Press, Washington, D.C, 2004. 


Field, C., M. Shaw, H. Mooney, E. Zavaleta, N. 
Chiariello, and E. Cleland, Assessing environmen- 
tal changes in grasslands - Response, Science 299 
(no. 5614), 1844-1845, 2003. 


Field, C. B., and M. R. Raupach, eds., The Global 
Carbon Cycle: Integrating Humans, Climate, and the 
Natural World, Island Press, Washington, D.C., 
2004. 


Galloway, J., et al, G. P. Asner, et al., Regional 
and global N cycles: past, present, and future, 
Biogeochemistry 70, |53-226, 2004. 


Gaston, S., M. Ribas-Carbo, S. Busquets, J. A. 
Berry, A. Zabalza, and M. Royuela, Changes in 
mitochondrial electron partitioning in response 
to herbicides inhibiting branched-chain amino 
acid biosynthesis in soybean, Plant Physiol. | 33 
(no. 3), 1351-1359, 2003. 


Gruber, N., P. Friedlingstein, C. B. Field, R. 
Valentini, M. Heimann, J. E. Richey, P. Romero- 
Lankao, E.-D. Schulze, and C.-T. A. Chen, The 
vulnerability of the carbon cycle in the 21* cen- 
tury: an assessment of carbon-climate-human 
interactions, in The Global Carbon Cycle: 
Integrating Humans, Climate, and the Natural 
World, C. B. Field and M. R. Raupach, eds., pp. 
45-76, Island Press, Washington, D.C. 2004. 


Hall, S. J. G. P. Asner, and K. Kitayama, Substrate, 
climate, and land use controls over soil N 
dynamics and N-oxide emissions in Borneo, 
Biogeochemistry 70 (no. |), 27-58, 2004. 


Harris, A. T., G. P. Asner, and M. E. Miller, 
Changes in vegetation structure after long-term 
grazing in pinyon-juniper ecosystems: integrating 
imaging spectroscopy and field studies, 
Ecosystems 6 (no, 4), 368-383, 2003. 


Hayhoe, K., D. Cayan, C. B. Field, P. C. Frumhoff, 
E. P. Maurer, N. L. Miller, S. C. Moser, S. H. 
Schneider, K. N. Cahill, E. E. Cleland, L. Dale, R. 
Drapek, R. M. Hanemann, L. S. Kalkstein, J. 
Lenihan, C. K. Lunch, R. P. Neilson, S. C. 
Sheridan, and J. H. Verville, Emissions pathways, 
climate change, and impacts on California, Proc. 
Natl. Acad. Sci. USA 101 (no. 34), 12422-12427, 
2004. 


Helliker, B. R, J. A. Berry, A. K. Betts, P. S. 
Bakwin, K. J. Davis, A. S. Denning, J. R. Ehleringer, 
. B. Miller, M. P. Butler, and D. M. Ricciuto, 
Estimates of net CO, flux by application of equi- 
ibrium boundary layer concepts to CO, and 
water vapor measurements from a tall tower, J. 
Geophys. Res.-Atmosph. !09 (no. D20), D20106, 
2004. 


Hicke, J. A. G. P. Asner, E. S. Kasischke, N. H. F. 
French, J. T. Randerson, G. J. Collatz, B. J. Stocks, 
C.J. Tucker, S. O. Los, and C. B. Field, Postfire 

response of North American boreal forest net 

primary productivity analyzed with satellite 
observations, Glob. Change Biol. 9 (no. 8), | 145- 
157, 2003. 


Hicke, J. A., and D. B. Lobell, Spatiotemporal pat- 
erns of cropland area and net primary produc- 
ion in the central United States estimated from 


31 (no. 20), L20502, 2004. 


Hicke, J. A., D. B. Lobell, and G. P. Asner, 
Cropland area and net primary production com- 
puted from 30 years of USDA agricultural har- 
vest data, Earth Interactions 8, |-20, 2004. 


USDA agricultural information, Geophys. Res. Lett. 


Hicke, J. A., R. L. Sherriff, T. T. Veblen, and G. P. 
Asner, Carbon accumulation in Colorado pon- 
derosa pine stands, Can. J. For. Res. 34 (no. 6), 

283-1295, 2004. 


Horz, H.-P., A. Barbrook, C. B. Field, and B. J. M. 
Bohannan, The response of soil bacteria to simu- 
lated global change, Proc. Natl. Acad. Sci. USA 
101, 15136-15141, 2004. 


Houghton, R. A., Joos, F., and G. P. Asner, Land 
use and management effects on global carbon 
ux, in Observing, Monitoring, and Understanding 
Trajectories of Change on the Earth's Surface vol. 6, 
G. Gutman, T. Janetos, C.O. Justice, E. F. Moran, 
and J. F. Mustard, eds., pp. 156-169. 


Hurtt, G., X. M. Xiao, M. Keller, M. Palace, G. P. 
Asner, R. Braswell, E. S. Brondizio, M. Cardoso, 
C.J. R. Carvalho, M. G. Fearon, L. Guild, S. 
Hagen, S. Hetrick, B. Moore, C. Nobre, J. M. 
Read, T. Sa, A. Schloss, G. Vourlitis, and A. J. 
Wickel, IKONOS imagery for the Large Scale 
Biosphere-Atmosphere Experiment in Amazonia 
(LBA), Remote Sens. Environ. 88 (no. |-2), || |- 
127, 2003. 


Keller, M., A. Alencar, G. P. Asner, B. Braswell, M. 
Bustamante, E. Davidson, T. Feldpausch, E. 
Fernandes, M. Goulden, P. Kabat, B. Kruijt, F. 
Luizao, S. Miller, D. Markewitz, A. D. Nobre, C. 
A. Nobre, N. Priante, H. da Rocha, P. S. Dias, C. 
von Randow, and G. L. Vourlitis, Ecological 
research in the Large Scale Biosphere- 
Atmosphere Experiment (LBA) in Amazonia: 
early results, Ecol. Appl. 14 (no. 4, Suppl. S), S3- 
S16, 2004. 


Keller, M., G. P. Asner, J. N. M. Silva, and M. 
Palace, Sustainability of selective logging of 
upland forests in the Brazilian Amazon: carbon 
budgets and remote sensing as tools for evalua- 
tion of logging effects, in Working Forests in the 
Tropics: Conservation through Sustainable 
Management? D. Zarin, J. Alavalapati, F. E. Putz, 
and M. Schmink, eds., Columbia University Press, 
New York, 2004. 


Department of Global Ecology Bibliography 


eller, M., M. Palace, G. P. Asner, R. Pereira, and 
. N. M. Silva, Coarse woody debris in undis- 
urbed and logged forests in the eastern Brazilian 
Amazon, Glob. Change Biol. | (no. 5), 784-795, 
2004. 


Lobell, D. B., and G. P. Asner, Cropland distribu- 
ions from temporal unmixing of MODIS data, 
Remote Sens. Environ. 93 (no. 3), 412-422, 2004. 


Lobell, D. B., G. P. Asner, J. |. Ortiz-Monasterio, 
and T, L. Benning, Remote sensing of regional 
crop production in the Yaqui Valley, Mexico: 
estimates and uncertainties, Agric. Ecosyst. Environ. 
94 (no. 2), 205-220, 2003. 


Lobell, D. B., J. |: Ortiz-Monasterio, and G. P. 
Asner, Relative importance of soil and climate 
variability for nitrogen management in irrigated 
wheat, Field Crops Res. 87 (no. 2-3), 155-165, 
2004. 


Luers, A. L., D. B. Lobell, L. S. Sklar, C. L. 
Addams, and P. A. Matson, A method for quanti- 
ing vulnerability, applied to the agricultural sys- 
em of the Yaqui Valley, Mexico, Global 
Environmental Change-Human and Policy 

Dimensions | 3 (no. 4), 255-267, 2003. 


Luo, Y., B. Su, W. S. Currie, J. S. Dukes, A. Finzi, 
U. Hartwig, B. Hungate, R. E. McMurtrie, R. 
Oren, W. J. Parton, D. E. Pataki, M. R. Shaw, D. 
R. Zak, and C. B. Field, Progressive nitrogen limi- 
ation of ecosystem responses to rising atmos- 
pheric carbon dioxide, BioScience 54 (no. 8), 
731-739, 2004. 


Martin, R. E., G. P. Asner, R. J. Ansley, and A. R. 
Mosier, Effects of woody vegetation encroach- 
ment on soil nitrogen oxide emissions in a tem- 
perate savanna, Ecol. Appl. 13 (no. 4), 897-910, 
2003. 


Melillo, J. M., C. B. Field, and B. Moldan, eds., 
Interactions of the Major Biogeochemical Cycles: 
Global Change and Human Impacts, Island Press, 
Washington, D.C., 2003. 


Pataki, D. E., J. R. Ehleringer, L. B. Flanagan, D. 
Yakir, D. R. Bowling, C. J. Still, N. Buchmann, J. O. 
aplan, and J. A. Berry, The application and inter- 
pretation of Keeling plots in terrestrial carbon 
cycle research - art. no. 1022, Glob. Biogeochem. 
Cycles 17 (no. 1), 2003. 


Rascher, U., E. G. Bobich, G. H. Lin, A. Walter, T. 
Morris, M. Naumann, C. J. Nichol, D. Pierce, K. 
Bil, V. Kudeyarovy, and J. A. Berry, Functional 
diversity of photosynthesis during drought in a 
model tropical rainforest—the contributions of 
leaf area, photosynthetic electron transport, and 
stomatal conductance to reduction in net 
ecosystem carbon exchange, Plant Cell Environ. 
27 (no. 10), 1239-1256, 2004. 


Riley, W. J. C. J. Still, B. R. Helliker, M. Ribas- 
Carbo, and J. A. Berry, O-18 composition of 
CO, and H,O ecosystem pools and fluxes in a 
allgrass prairie: simulations and comparisons to 
measurements, Glob. Change Biol. 9 (no. | 1), 
567-1581, 2003. 


Sabine, C. L, M. Heiman, P. Artaxo, D. C. E. 
Bakker, C.-T. A. Chen, C. B. Field, N. Gruber, C. 
LeQuéré, R. G. Prinn, J. E. Richey, P. Romero- 
Lankao, J. A. Sathaye, and R. Valentini, Current 
status and past trends of the carbon cycle, in The 
Global Carbon Cycle: Integrating Humans, Climate, 
and the Natural World, C. B, Field and M. R. 
Raupach, eds., pp. | 7-44, Island Press, 
Washington, D.C., 2004. 


Still, C. J. J. A. Berry, G. J. Collatz, and R. S. 
DeFries, Global distribution of C3 and C4 vege- 
ation: carbon cycle implications - art. no. 1006, 
Glob. Biogeochem. Cycles 17 (no. |), 2003. 


Treuhaft, R. N., G. P. Asner, and B. E. Law, 
Structure-based forest biomass from fusion of 
radar and hyperspectral observations, Geophys. 
Res. Lett. 30 (no. 9), 1472, 2003. 


Treuhaft, R. N., B. E. Law, and G. P. Asner, Forest 
attributes from radar interferometric structure 
and its fusion with optical remote sensing, 
BioScience 54 (no. 6), 561-571, 2004. 


Ustin, S. L, S. Jacquemoud, P. J. Zarco-Tejada, 
and G. P. Asner, Remote sensing of environmen- 
al processes: state of the science and new direc- 
ions, in Manual of Remote Sensing, Vol. 4: Remote 
Sensing for Natural Resource Management and 
Environmental Monitoring, S. Ustin, ed., John Wiley 
& Sons, New York, 2004. 


Ustin, S. L, D. A. Roberts, J. A. Gamon, G. P. 
Asner, and R. O. Green, Using imaging spec- 
roscopy to study ecosystem processes and 
properties, BioScience 54 (no. 6), 523-534, 2004. 


Wilson, K. B., D. Baldocchi, E. Falge, M. Aubinet, 
P. Berbigier, C. Bernhofer, H. Dolman, C. Field, 
A. Goldstein, A. Granier, D. Hollinger, G. Katul, 
B. E. Law, T. Meyers, H. Moncrieff, R. K. Monson, 
. Tenhunen, R. Valentini, S. Verma, and S. Wofsy, 
Diurnal centroid of ecosystem energy and car- 
bon fluxes at FLUXNET sites, J. Geophys. Res. 
108, doi:10.1029/2001JD001349, 2003. 


Winner, W. E., S. C. Thomas, J. A. Berry, B. J. 
Bond, C. E. Cooper, T. M. Hinckley, J. R. 
Ehleringer, J. E. Fessenden, B. Lamb, S. McCarthy, 
N. G. McDowell, N. Phillips, and M. Williams, 
Canopy carbon gain and water use: analysis of 
old-growth conifers in the Pacific Northwest, 
Ecosystems 7 (no. 5), 482-497, 2004. 


Zavaleta, E., M. Shaw, N. Chiariello, H. Mooney, 
and C. Field, Additive effects of simulated climate 
changes, elevated CO, and nitrogen deposition 
on grassland diversity, Proc. Natl. Acad. Sci, USA 
100 (no. 13), 7650-7654, 2003. 


The Observatories 


THE DIRECTOR’S REPORT: 


Cosmology and the Carnegie Centennial 


“COLLECTIVELY, THE WORLD OF ASTRONOMY, AND MORE RECENTLY THAT 
OF PHYSICS, OWES AN IMMENSE DEBT TO THE CARNEGIE INSTITUTION 
AND ITS DISTINGUISHED ASTRONOMICAL FACULTY FOR DISCOVERING AN 
IMPRESSIVE FRACTION OF WHAT WE NOW TAKE FOR GRANTED ABOUT 
THE UNIVERSE AND ITS MAJOR CONSTITUENTS.” 


—Roger D. Blandford, 2004 


Cosmology is one of the grandest of human 
endeavors—it seeks to address some of the most 
basic, yet awe-inspiring, questions about the ori- 
gin and evolution, structure, and composition of 
the universe. A spectacular cosmological picture 
has emerged—that of a dynamic, expanding (in 
fact, accelerating) universe filled with objects 
made of shining and dark matter rushing apart at 
colossal speeds, the result of a titanic explosion 
early in its history. The known elements of matter 
turn out to be but a small fraction of the total 
matter and energy of the universe, 95% of which 
is dark and unseen. A continually increasing theo- 
retical and observational foundation underlies our 
understanding of the universe starting from about 
one millionth of a second after the Big Bang to 
the present. New ideas about the early universe, 
not yet tested experimentally, are challenging 
standard views on the nature of space and time, 
matter and energy. 


The history of cosmology is intertwined insepara- 
bly with that of the Carnegie Institution. The year 
2004, when I write this essay, is a fitting occasion 
to review the history and status of both enterprises. 
One hundred years ago, processions of burros and 
horses hauled tools and equipment up an undevel- 
oped and winding Mount Wilson trail. Certainly 


no one could have foreseen the new vistas onto the 
universe this activity would reveal. 


First, Some Brief History 


It is George Ellery Hale and Andrew Carnegie to 
whom we owe the development of astronomy and 
cosmology in Pasadena. Hale passionately 
believed that progress in optical astronomy 
required the construction of large, reflecting tele- 
scopes (Fig. 1). In 1902, he secured funding from 
Carnegie for a giant, 60-inch reflector to be 
erected on Mount Wilson. In 1905, a 60-foot 
solar tower was completed, and in 1906, two years 
before the 60-inch had even begun its operations, 
Hale was already devising a means to construct a 
100-inch reflector, which began operations in 
1917. The trend continued. In 1926, Carnegie 
and Caltech signed an agreement to build a 200- 
inch (5-meter) telescope. And until about 1980, 
the two institutions ran Palomar jointly as the 
Hale Observatory. It is no exaggeration to say 
that for about two-thirds of the 20" century the 
telescopes and institutions connected with Mount 
Wilson and Mount Palomar dominated the world 
of astronomy. 


Left: Gravitationally lensed galaxies show beautiful arc-like features, which are distant galaxies that have been distorted and in some cases 
magnified by the gravitational field of a massive cluster. This image was taken by Carnegie Fellow Mike Gladders at the Magellan 6.5-meter 


Baade telescope using the IMACS camera. 


Fig. |. George Ellery Hale is shown with the Mount Wilson 60-inch telescope, the Mount Wilson |00-inch telescope, and the 


The big telescopes made possible many cosmologi- 
cal discoveries of the 20" century. Harlow Shapley 
discovered that the Sun is offset from the center of 
our Milky Way galaxy, toppling the almost 400- 
year-old Copernican model of a Sun-centered uni- 
verse. Edwin Hubble discovered that our galaxy is 
not alone, and, spectacularly, that the more distant a 
galaxy is, the faster it moves away. These results 
ultimately led to our current picture of an expanding 
universe, now the backbone of modern cosmology. 


Other significant discoveries included Walter 
Baade’s concept of stellar populations, which revo- 
lutionized the study of stellar and galaxy evolution 
and impacted the cosmological distance scale; 
Allan Sandage’s heroic efforts to measure the 
Hubble constant and the ages of globular clusters; 
Vera Rubin’s optical rotation curves of galaxies, 
pivotal in establishing the presence and signifi- 
cance of dark matter in the universe; Sandage, 
Leonard Searle, and collaborators’ pioneering 
work on the formation of the Milky Way; Steve 
Shectman, Alan Dressler, and their colleagues’ 
mapping of distant galaxies, and the discovery of 
giant voids and immense structures in the distribu- 
tion of galaxies—the cosmic web. 


The 6.5-meter twin Magellan telescopes (Baade and 
Clay) are another fitting tribute to the Carnegie 
centennial. Astronomers at Carnegie and our part- 
ner institutions (Harvard, MIT, the University of 
Arizona, and the University of Michigan) are pur- 
suing an exciting range of questions about black 
holes, the history of the universe, and planets 
around other suns, to name only a few. And as I 
described in my director’s essay last year, ambitious 
new plans are now under way for the construction 
of the 24.5-meter Giant Magellan Telescope 
(GMT). As I write these words, an agreement has 
just been signed by Carnegie and the University of 
Arizona for the construction of the first of eight 
mirrors to be cast, and the University of Texas at 
Austin and Texas A&M University have joined the 
project. This century is beginning with as much 
excitement as did the previous one. 


A Snapshot of Cosmology Today 


A novel aspect of today’s cosmology is an increas- 
ingly precise set of cosmological measurements. 
Both the quantity and the quality of cosmological 
data have advanced to the point where essentially 
all of the parameters are supported by an interlock- 
ing set of independent measurements. Still, there 
are a number of challenges. Let me describe the 
evidence for our current picture of the universe. 
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Palomar 200-inch telescope. 


Hot Big Bang Cosmology 

By 1915, Albert Einstein (Fig. 2) had formulated 
his theory of general relativity, a mathematical 
description of the nature of gravity. Einstein recog- 
nized that a motionless universe would be unable 
to remain at rest for very long—that is, it would 
tend to either contract from its own gravity or per- 
haps expand if perturbed. General relativity thus 
provided a physical framework for understanding 
the unexpected motions of galaxies observed by 
Hubble 14 years later. The subsequent discovery of 
the cosmic microwave background radiation in 
1965 supported this theory and led to our current 
picture of an expanding hot Big Bang universe. 
However, Einstein missed the opportunity to pre- 
dict the expansion, and introduced a new term into 
his equations (the cosmological constant), literally 
forcing the universe to be stationary. Curiously, 
this term, which he abandoned after Hubble’s dis- 
covery, has resurfaced out of necessity with the 
recent discovery of dark energy. 


The hot Big Bang model provides the overall 
mathematical and physical framework for under- 
standing the evolution of the universe. There are 
four major pieces of observational support for the 
basic Big Bang picture: the expansion of the uni- 
verse; the large-scale homogeneity and isotropy of 
galaxies and large-scale structure; the remnant 3- 
degree Kelvin cosmic microwave background radi- 


ation; and the relative abundances of the light ele- 
ments (i.e., hydrogen, helium, deuterium). 


The Expansion of the Universe. Hubble’s discovery 
of the simple correlation between galaxy distance 
and recession velocity led to the challenge of estab- 


Fig. 2. Albert Einstein is shown here in 1931 with 
astronomers at the Hale Library of the Observatories’ 
offices on Santa Barbara Street. Einstein came to visit 


Pasadena after learning of Hubble’s discovery of the expan- 
sion of the universe. The portrait of George Ellery Hale, 
seen in the picture, still hangs in the same place in the 
library today. From left to right are Milton Humason, Edwin 
Hubble, Charles St. John, Albert Michelson, Albert Einstein, 
William Campbell, and Walter Adams. 
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Fig. 3. The Friedmann equation (derived from general relativity) describes the dynamics of the expansion of the 

universe. The left side of the equation is given by the square of the Hubble parameter, H. The current expansion rate 
is the Hubble constant. The three terms on the right of the equation represent the mass density of the universe, the 
curvature of the universe, and the vacuum energy density, or cosmological constant. It is the latter term that Einstein 


added into his equation, which he later referred to as his worst blunder. All four of these terms are the subjects of 
active measurements by cosmologists worldwide, recently at unprecedented levels of precision. (Image reprinted with 
permission from American Scientist, Jan./Feb. 2003.) 


lishing accurate distances over cosmologically large 
scales and obtaining an accurate value for the 
expansion rate (the Hubble constant) (Fig. 3). One 
of the main reasons for proposing and building the 
Hubble Space Telescope was to increase the preci- 
sion in these measurements, and the expansion rate 
was designated one of three “Key Projects.” This 
Key Project involved an international group of 30 
astronomers, including Carnegie’s Barry Madore, 
Dan Kelson, and myself as one of three principal 
investigators. In 2001, our team published a value 
of 72 kilometers/second/megaparsec, with an 
uncertainty of 10%. This result was confirmed in 
2003 by an independent group working with the 
Wilkinson Microwave Anisotropy Probe 
(WMAP), measuring fluctuations in the cosmic 
microwave background temperature. This group 
obtained a Hubble constant of 71. These results 
also overlap, to within measurement uncertainties, 
with those of Allan Sandage and collaborators. 


Large-Scale Homogeneity and Isotropy. As we know 
from studying the distribution of galaxies and clus- 
ters on the sky, the universe is actually neither 
homogeneous nor isotropic on all scales. There is a 
rich structure to the distribution of matter in the 


universe. This structure is visible in two dimen- 
sions if one simply plots the positions of galaxies 
projected on the sky. However, measuring the 
actual three-dimensional distribution of this struc- 
ture requires the measurement of the distances to 
galaxies by measuring velocities and then applying 
Hubble’s relation between velocity and distance— 
the Hubble law. These measurements have 
advanced considerably with the development of 
new spectrographs; for example, Steve Shectman’s 
fiber spectrograph for the du Pont telescope, which 
provided the means to measure about one hundred 
galaxy redshifts at once; and Alan Dressler’s 
Magellan IMACS spectrograph. These observa- 
tions have revealed galaxy clusters and superclus- 
ters, and large voids, walls, and filaments, some of 
them extending over 300 million light-years. Over 
larger volumes, however, the distribution of galax- 
ies approaches homogeneity. 


The Cosmic Microwave Background. In the first 
400,000 years after the Big Bang, the temperature 
was high enough to keep all of the matter in the 
universe ionized, preventing electrons from com- 
bining with protons to form atoms. During this 
time, photons continually scattered off the free 


electrons. As the universe expanded and cooled, 
electrons began to combine with protons into 
atoms. Thereafter, photons could directly journey 
through the universe without being continually 
scattered and deflected. The radiation that last scat- 
tered the electrons has now cooled to a temperature 
of 2.725+0.002 K, and has been redshifted by the 
expansion so that it is now detected at microwave 
wavelengths. The serendipitous 1965 discovery of 
this cosmic microwave background radiation by 
Arno Penzias and Robert Wilson provides one of 
the strongest pieces of evidence in support of a hot 
Big Bang. This radiation has the characteristic 
spectrum predicted by Big Bang theory and is very 
isotropic, exhibiting a very high degree of unifor- 
mity across the sky, also as predicted. 


Temperature Differences in the Cosmic Microwave 
Background Radiation. One of the striking aspects 
characterizing the cosmic microwave background 
radiation is its uniformity: to a few thousandths of 
a percent(!), its temperature is virtually the same 
everywhere in the sky. But in 1992, the Cosmic 
Background Explorer (COBE) satellite detected 
tiny residual fluctuations in the temperature. Since 
then, many additional experiments have confirmed 
the COBE result, including those conducted by the 
WMAP satellite in 2003, which measured temper- 
ature fluctuations over the whole sky to a resolution 
of 10-50 times greater than COBE could. 


The temperature fluctuations in the cosmic 
microwave background contain vast information on 
the physical state of the early universe. Associated 
with these fluctuations are fluctuations in the den- 
sity of matter in the early universe. High-density 
regions grow larger with time because of the attrac- 
tion of gravity. However, the outward pressure from 
photons, acting counter to the force of gravity, sets 
up oscillations whose frequency spectrum can be 
predicted. The precise nature of the oscillations 
depends upon almost all cosmological parameters: 
the expansion rate of the universe, the spatial curva- 
ture of the universe, the densities of ordinary and 
dark matter, and the amount of dark energy. 


Measurements of the temperature fluctuations in 
the cosmic background radiation yield a value of 
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the ordinary matter (or baryon) density that is in 
excellent agreement with, and independent of, 
other measurements. In addition, combined with 
measurements of the large-scale structure of the 
universe, the WMAP results yield a Hubble con- 
stant of 71 kilometers per second per megaparsec 
as discussed above, and a universe with the present 
mass-energy fraction of one-third matter and two- 
thirds dark energy, in excellent agreement with 
other measurements. The results are also consistent 
with a universe of flat spatial geometry, adding fur- 
ther confidence to the overall current standard cos- 
mological model. 


The Abundance of the Light Elements. One of the 
major successes of the Big Bang theory is the 
agreement between observations of the present 
light-element abundances and the predictions of 
the abundances of elements formed in the Big 
Bang. Hydrogen, helium, and lithium were 
processed about three minutes after the Big Bang, 
but elements heavier than lithium were formed later 
in the central furnaces of stars. The visible matter in 
the universe is observed to be composed mainly of 
hydrogen (about 75%), helium (about 25%), and 
only trace amounts of deuterium, lithium, and all of 
the other elements in the periodic table up through 
carbon, oxygen, and iron (those ingredients vital to 
our existence on Earth). The exact abundances of 
the elements produced just after the Big Bang can 
be calculated very precisely, and the predicted abun- 
dances for these different light elements agree 
extremely well with the observed abundances, a 
powerful test of Big Bang cosmology. 


Dark Matter 

The first hints of dark matter emerged over 70 
years ago with the work of Caltech’s Fritz Zwicky. 
However, it was decades before sufficient indepen- 
dent evidence led to a solid consensus on its exis- 
tence. Instrumental in this effort was the work of 
Carnegie’s Vera Rubin and her research on the 
orbits of stars in the outer parts of spiral galaxies. 
Collaborating with Kent Ford, Rubin showed that 
the velocities of stars in the outer parts of galaxies 
were faster than expected, assuming that the 
masses of galaxies could be gauged from the lumi- 
nous matter. That is, the stars were moving too 
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fast and could not remain bound to the galaxies by 
gravity unless the galaxy masses were higher; that 
is, unless there was some unseen mass in the galax- 
ies—dark matter. 


Today we infer that, remarkably, only 5% of the 
overall mass-energy density of the universe can be 
accounted for by ordinary matter. However, only 
about one-fifth of this matter is observed in lumi- 
nous form. Over the past decade, extensive 
searches for the additional 4% of unseen ordinary 
material (baryons) have been carried out. It appears 
that most of this additional mass is warm gas asso- 
ciated with groups of galaxies, whereas the remain- 
der is located within galaxies, composed of both 
stars and cold gas. 


While 4% of the overall density may be in dark 
baryons, other evidence overwhelmingly points to 
the existence of additional, nonbaryonic, dark mat- 
ter, comprising about 25% of the overall total 
(mass plus energy) density. The evidence for non- 
baryonic dark matter has mounted with several 
independent and increasingly higher precision 
measurements. 


In addition to Rubin’s and others’ rotation curves, 
measurements of the velocities of individual stars 
within galaxies, small satellite galaxies in the outer 
halos of the Milky Way, and galaxies within clus- 
ters all point to significant amounts of unseen mat- 
ter. Again, without this dark matter, these stars 
and satellites would escape from the galaxies or 
clusters in which they reside. Another way to infer 


Fig. 4. Images of five nearby spiral 
galaxies, in which supernovae have 
recently been discovered as part of 
the Carnegie Supernova Project 
(CSP), were obtained at the 40-inch 
Swope telescope at Las Campanas 
and are shown here courtesy of CSP 


postdoctoral fellow Gaston Folatelli. 
The goal of the CSP is to observe 
supernovae at a range of distances 
over a range of colors to character- 
ize the nature of the mysterious 
dark energy component of the uni- 
verse. 


the existence of dark matter is from observations of 
distant galaxies located behind massive clusters of 
galaxies. Einstein’s theory of general relativity pre- 
dicts that matter will curve space. Massive clusters of 
galaxies can therefore act as giant magnifying and 
distorting lenses, where the images of background 
galaxies can be drawn out into arc-like features, with 
their brightnesses amplified (frontispiece). In addi- 
tion, temperature measurements of the X-ray gas 
(the most abundant component of ordinary matter 
within clusters) yield yet another estimate of the 
dark matter mass in clusters. There are numerous 
other types of measurements, but all the results have 
converged to the common conclusion that most of 
the matter in the universe is dark, and that there is 
about five times more dark than luminous matter. 


What is the dark matter? To date, this remains an 
unsolved problem and a very active area of research. 
The current favored hypothesis from particle physics 
is that it is comprised of some new, undetected type 
of particle that survived the early universe. There are 
many direct ongoing searches for the dark matter 
particles themselves, and it is hoped that they will 
eventually be discovered either in laboratories or by 
producing the dark matter particles in large accel- 
erators. Such experiments are now under way 
worldwide. 


Dark Energy 

A decade ago, most astronomers and physicists 

expected that if they could make measurements 
of the more distant universe they would be able 

to observe the expansion velocity of the universe 


slowing down over time. Just as the velocity of an 
object hurled upward on the Earth is slowed by the 
force of gravity, it was reasoned that matter in the 
universe would slow its expansion. It was therefore 
a surprise that when measurements of distant 
supernovae became feasible, they failed to reveal a 
deceleration in the expansion. Just the opposite 
effect was uncovered. 


Supernovae, the result of thermonuclear explosions 
of stars, are so bright that they can briefly rival the 
luminosities of the galaxies in which they reside, 
and therefore can be observed to great distances 
(Fig. 4). Sensitive, wide-area electronic detectors 
such as charge-coupled devices (CCDs) have 
opened up the possibility of searches for large sam- 
ples of faint and distant supernovae. Observations 
by two independent groups in the late 1990s found 
that supernovae at high redshifts are fainter in 
comparison with those nearby than would be 
expected if the expansion of the universe were 
slowing over time. It is of course possible that 
astrophysical effects of a noncosmological nature 
could make supernovae at higher redshifts appear 
fainter than those observed locally. For example, 
differing amounts or types of dust could make the 
distant supernovae appear to be fainter. Different 
chemical compositions, changes in supernovae over 
time, and other effects could also plausibly cause 
differences in their intrinsic luminosities. However, 
many groups have searched for these potential sys- 
tematic effects, but have been unable to find any 


evidence for them. Moreover, recent observations 


by the WMAP satellite, based on entirely indepen- 
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dent physics, yield results entirely consistent with 
the supernova data. 


These observational results argue for a universe in 
which one-third of the overall density is in the 
form of matter (ordinary plus dark) and two-thirds 
is in some different form, perhaps dark energy. 
The observations suggest that dark energy has a 
large, negative pressure (and so acts counter to 
gravity) and does not cluster gravitationally with 
matter but fills all of space. Dark energy currently 
has no explanation. It has been characterized by 
many leading physicists as the most important 
issue facing all of particle physics and cosmology. 


Inflation 

The standard hot Big Bang cosmology assumes 
that the universe is homogeneous and isotropic, 
without providing any explanation why this should 
be so. Yet the microwave background radiation is 
indeed observed to be remarkably smooth. Why 
should the temperature, density, and properties of 
completely disconnected regions all across the sky 
be so remarkably similar? According to the Big 
Bang model, the foundation of which is general 
relativity, the geometry of the universe can have a 
positive, negative, or zero curvature (a flat uni- 
verse). Observations are consistent with a universe 
remarkably close to flat, but the standard Big Bang 
cosmology again provides no explanation for this. 
Homogeneity, isotropy, and flatness all find a sim- 
ple explanation in a theory called inflation. 


The theory of inflation, based on elementary-parti- 
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cle physics, predicts that early in the universe, the 
energy associated with the vacuum of space caused 
a very rapid expansion and increase in size. Small, 
smooth regions were expanded exponentially by 
this inflation to sizes that are larger than our cur- 
rently observable universe. It is as a result of this 
rapid expansion that the universe’s spatial geometry 
was stretched out and became flat. And small den- 
sity inhomogeneities became the seeds that have 
grown into the galaxies and clusters of galaxies that 
we see today. Thus, inflation naturally provides a 
way to explain both the smoothness observed in 
the microwave background radiation on large 
scales, as well as the detailed distribution of galax- 
ies on smaller scales. Remarkably, the spectrum of 
oscillations observed in the microwave background 
fluctuations agree to very high precision with the 
predictions of inflation. Further (and more strin- 
gent) tests of inflation will come with future mea- 
surements of gravitational waves, an additional 
prediction of inflation. 


Later Evolution of the Universe 

As we have seen, our first glimpse of the universe 
occurs about 400,000 years after the Big Bang, when 
radiation was last scattered. Thereafter, as the uni- 
verse expanded and cooled, the conditions became 
propitious for the formation of stars, galaxies, black 
holes, and other objects seen today. In recent years, 
a new window on the early universe has opened as 
telescopes have become more powerful. These 
deeper images of the sky have revealed the presence 
of galaxies in the distant universe; we are seeing 
them as they were at an earlier time, when they were 
younger. By measuring objects at differing distances, 
we witness the evolution of the universe. 


Carnegie astronomers continue to play a pivotal 
role in studying and understanding the early uni- 
verse. Pat McCarthy, Eric Persson, Alan Dressler, 
Dan Kelson, Gus Oemler, John Mulchaey, and 
Carnegie Fellow Mike Gladders have been using 
the telescopes at Las Campanas, the Hubble Space 
Telescope, and the Chandra X-ray telescope to 
study distant galaxies, groups of galaxies, and clus- 
ters of galaxies. These and other studies have 
shown that galaxies appear to have started to form 
very early, with galaxy clusters and groups assem- 


bling more slowly over time. This picture is 
broadly consistent with theoretical models for the 
assembly of galaxies and structure in the universe, 
models that incorporate the early initial conditions 
from inflation and include dark matter. The process 
of forming galaxies is very dynamic—galaxies merge 
and collide (as Carnegie’s Francois Schweizer has 
studied for many years), transform in appearance, 
have episodic bursts of star formation, and emit 
copious amounts of radiation spanning the X-ray, 
ultraviolet, through the optical, infrared, and radio 
parts of the spectrum. However, to observe directly 
the first light in the universe, the formation of the 
first stars, and first galaxies we must await higher 
resolution and sensitivity, one of the goals of the 
Giant Magellan Telescope. We know almost noth- 
ing of this epoch; it has been dubbed the “dark 


” 
ages. 


Some galaxies have nuclei with luminosities that can 
exceed those of ordinary galaxies by factors of hun- 
dreds. Strong evidence over the past four decades 
suggests that the engines powering the various kinds 
of observed active nuclei (the most luminous of 
which are quasars) are black holes with masses rang- 
ing from a million to a billion times the mass of our 
Sun. Most likely these black holes grew by mergers 
and the accretion of gas onto high-density regions of 
matter. Work by Carnegie staff members Luis Ho 
and Alan Dressler and their collaborators has shown 
that these supermassive black holes are found in the 
nuclei of all galaxies so far studied. Unrecognized 
until recently, it appears that somehow the black 
hole knows about the galaxy environment in which 
it is situated—the mass of the black hole is closely 
related to the properties of its host galaxy. These 
observations have important implications for under- 
standing how galaxies assemble and how this 
process is related to black hole formation. The 
details of the formation of such supermassive objects 
at high redshift remain to be understood and must 
again await future telescopes. 


Two other interesting probes of the chemical and 
dynamical evolution of the universe come from 
studies of distant quasars, as well as detailed studies 
of our own Milky Way galaxy. Quasars can be used 
as bright-light sources against which to study the 


distribution and chemical 
composition of matter 
throughout the universe— 
the research of staff member 
Michael Rauch and staff 
member emeritus Ray 
Weymann. These and other 
studies have helped to reveal 
both the vast cosmic web of 
galaxies, which has evolved 
into our present-day universe, and the detailed com- 
positions and physical conditions of the gas in the 
early universe. The study of distant galaxies and 
quasars is one way to probe the evolution of the uni- 
verse. The inverse and complementary approach is 
to study the chemical and dynamical history of the 
Milky Way by observing nearby stars of differing 
chemistries and ages. George Preston, Steve 
Shectman, Andy McWilliam, and Ian Thompson 
have an ambitious program at Las Campanas sur- 
veying for and discovering stars of very low chemical 
abundances, which are among the earliest-formed 
objects in the Galaxy. 


A new class of extragalactic objects gamma-ray 
bursts (GRBs)—has emerged, with the exciting 
recent discovery that many of these objects lie at 
cosmological distances. These extremely luminous 
objects emit most of their extraordinary energy at 
gamma-ray frequencies, and do so in the space of 
only a few seconds. Because they are so bright, they 
provide a new beacon for probing the earliest 
epochs of star formation. The study of these 
objects is being conducted at Carnegie by Edo 
Berger, our first Carnegie-Princeton Fellow. The 
field has advanced rapidly with the capability of 
satellites to measure the positions of these sources 
accurately and rapidly, allowing follow-up with 
ground-based telescopes. In a very recent advance, 
optical spectra of some objects have shown a con- 
nection between GRBs and supernovae. In 
October 2004, NASA launched a new gamma-ray 
mission called Swift. Swift is now providing very 
accurate locations of the targets so that they can 
immediately be observed from the ground. Edo 
Berger, in collaboration with a number of Carnegie 
and Caltech astronomers, is using the unique rapid 
instrument-changing capability of Magellan to 
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Fig. 5. This is a model of the Giant Magellan 
Telescope, which is made of seven 8.4-meter 
mirrors, six of them around the seventh. The 
model is shown from four different perspec- 
tives. The technology for this telescope is being 
built on the heritage of the Magellan telescopes. 


interrupt the observing on nights when new GRBs 
are detected by Swift and immediately take data 
before the bursts fade. His goal is to study the star- 
formation history early in the universe and use the 
bright GRBs as backlights to illuminate the distri- 
bution of objects and measure their chemical com- 
position in the early universe, similarly to quasar 
studies. A whole new window is opening with this 
burgeoning field. In fact, the 40-inch Swope tele- 
scope provided immediate follow-up observations 
of the first gamma-ray burst detected by Swift. 
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Fig. 6. The research staff members of the Carnegie Observatories pose in the Hale Library in October 2004. Standing 
from left: Michael Rauch, Barry Madore, Stephen Shectman, Patrick McCarthy, Dan Kelson, Andrew McWilliam, and 
Alan Dressler. Seated from left: lan Thompson, Luis Ho, Eric Persson, Wendy Freedman, George Preston, Francois 
Schweizer, and John Mulchaey. Missing are Augustus Oemler, Jr., and Allan Sandage. 


In the upcoming decade, a new array of initiatives 
in space and on Earth are planned to address many 
of the current cosmological questions. The James 
Webb Space Telescope JWST), a NASA 6-meter 
telescope optimized to detect infrared wavelengths, 
is scheduled for launch in 2011. Its primary goal 
will be to detect light from the first stars in the 
universe, to illuminate the “dark ages,” and to 
observe directly the time when the universe became 
reionized. A strong motivation for the Giant 
Magellan Telescope project (Fig.5) is to be opera- 
tional during the Webb era to provide spectra (and 
detailed physical information) for many of the 
objects discovered by the Webb. 


On the ground, an 8.4-meter survey telescope is 
planned for very rapid sky coverage over a very 
wide field on the sky. The Large Synoptic Survey 
Telescope (LSST) will survey the northern sky in 
four colors, once every three nights. One of its pri- 
mary goals will be to study dark matter through 
weak gravitational lensing and produce many type 
Ia supernova candidates useful for studying dark 
energy. These objects can be followed spectroscop- 
ically by other ground-based telescopes, such as 
Magellan and the GMT. 


In addition to these planned optical/infrared tele- 
scopes, the Atacama Large Millimeter Array 
(ALMA) is now under construction at high altitude 
(5,000 meters) in northern Chile. Targets studied 


with this telescope will be very well suited for 
observations from Las Campanas. Consisting of a 
collection of 64, 12-meter antennas, ALMA is a 
collaboration involving Europe, the U.S., and pos- 
sibly Japan. Long-wavelength radiation is insensi- 
tive to obscuration by dust, and so ALMA will be 
capable of detecting and studying the earliest galax- 
ies in the universe, especially those that may be 
enshrouded in dust and therefore inaccessible to 
optical telescopes. ALMA will also probe deep into 
the dust-obscured cocoons where new stars and 
planets are forming and will thus be an important 
complement to the GMT and the Webb. 


The Webb, ALMA, and LSST will be capable of 
finding tremendous numbers of distant objects in 
the universe, but a much larger telescope is needed 
to collect sufficient light for the necessary spectro- 
scopic data required to characterize and understand 
these objects. This is the province of the Giant 
Magellan Telescope. The GMT is being optimized 
for optical and near-infrared wavelengths designed 
for faint-object spectroscopy using adaptive optics 
to correct for the turbulence in the Earth’s atmos- 
phere. The potential of the GMT for addressing 
many of the outstanding questions in cosmology, as 
well as for searching for extrasolar planets, another 
exploding field, is extraordinarily exciting. 
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This century has witnessed a complete overhaul of 
our conceptions about the universe—its scale, its 
history, its composition, and its future. A physical 
model relates the earliest moments of the universe to 
the observed universe today and not only qualita- 
tively describes the overall structure and evolution, 
but quantitatively makes predictions, which are 
being tested and are passing such tests at ever 
greater precision. Interestingly, astronomy has led 
the way in the revolutionary discoveries of dark mat- 
ter and dark energy, which have far-reaching impli- 
cations for understanding fundamental physics and 
the nature of particles and forces in the universe. 


There are still fundamental pieces missing from this 
emerging new cosmological framework. I find it 
hard to imagine, with 95% of the universe in unfa- 
miliar forms of dark matter and dark energy, that 
there are not some surprises yet to be revealed. 
Hence, the discovery potential for cosmology 
remains bright. Plans for the next generation of tele- 
scopes hold the promise of addressing some of the 
most fundamental questions in cosmology, indeed 
some of deepest questions that humanity has posed. 
We look forward to the next century of cosmologi- 
cal discoveries, and of the Carnegie Observatories! 
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Stem Cells: Biology, Medicine, and Beyond, Irving Weissman 
(Department of Pathology and Developmental Biology, 
Stanford University School of Medicine and Director, 
Institute for Cancer/Stem Cell Biology and Medicine, 
Stanford University Medical Center) 

November 20, 2003 


Exploring the Universe in the New Millennium, Wendy Freedman 
(Crawford H. Greenewalt Director, Carnegie Observatories) 
February 5, 2004 


Meeting the Energy-Climate Challenge, John Holdren 
(John F. Kennedy School of Government, Harvard University) 
March 11, 2004 


The Long and Short of Long-term Memory, Eric Kandel 
(Center for Neurobiology and Behavior, Columbia University, 
and Howard Hughes Medical Institute) 

April 1, 2004 


Galileo’s Life and Times, Dava Sobel 
(Former New York Times science writer) 


April 29, 2004 


The First Stars and Galaxies in the Universe, Alan Dressler 
As part of the Smithsonian Resident Associate Program 
(Staff astronomer, Carnegie Observatories) 

June 7, 2004 


Financial Profile (unaudited) 


In this section, any discussion of spending levels or endowment amounts 
are on a cash or cash-equivalent basis. Therefore, the funding amounts 
presented do not reflect the impact of capitalization, depreciation, or 
other non-cash items. 


The primary source of support for Carnegie 
Institution of Washington’s activities continues 

to be its endowment. This reliance has led to an 
important degree of independence in the research 
program of the institution. This independence is 
anticipated to continue as a mainstay of Carnegie’s 
approach to science in the future. 


At June 30, 2004, the endowment was valued at 
approximately $580.6 million and had a total return 
(net of management fees) of 16.0%. The annual- 
ized five-year return for the endowment was 9.4%. 


For a number of years, Carnegie’s endowment has 
been allocated among a broad spectrum of asset 
classes including fixed-income instruments (bonds), 
equities (stocks), absolute return investments, real 
estate partnerships, private equity, and natural 
resources partnerships. The goal of diversifying the 
endowment into alternative assets is to reduce the 
volatility inherent in an undiversified portfolio 
while generating attractive overall performance. 


In its private equity allocation, the institution 
accepts a higher level of risk in exchange for a 
higher expected return. By entering into real estate 
partnerships, the institution in effect, holds part 
of its endowment in high-quality commercial real 
estate, deriving both the possibility of capital 
appreciation and income in the form of rent from 
tenants. Along with the oil and gas partnership, 
this asset class provides an effective hedge against 
inflation. Finally, through its investments in 
absolute return partnerships and hedge funds, 

the institution seeks to achieve long-term returns 
similar to those of traditional U.S. equities with 
reduced volatility and risk. 


The finance committee of the board regularly 
examines the asset allocation of the endowment 
and readjusts the allocation, as appropriate. The 
institution relies upon external managers and part- 


nerships to conduct the investment activities, and it 
employs a commercial bank to maintain custody. 


The following chart shows the allocation of the 
institution’s endowment among the asset classes it 
uses as of June 30, 2004: 


Target Actual 

Allocation Allocation 

Common Stock 35.0% 34.7% 
Alternative Assets 50.0% 43.8% 
Fixed Income and Cash 15.0% 21.5% 


Actual Asset Allocation 
34.7% 
Common Stock 


21.5% 
Fixed Income 
and Cash 


43.8% 
Alternative 
Assets 


Carnegie’s investment goals are to provide high 
levels of current support to the institution and to 
maintain the long-term spending power of its 
endowment. To achieve this objective, it employs 
a budgeting methodology that provides for: 


* averaging the total market value of the endow- 
ment for the three most recent fiscal years, and 


* developing a budget that spends at a set percentage 
(spending rate) of this three-year market average. 


Since the early 1990s, this budgeted spending rate 
has been declining in a phased reduction, moving 
towards an informal goal of a spending rate of 
4.5%. For the 2003-2004 fiscal year, the rate was 
budgeted at 5.15%. While Carnegie has been 
reducing this budgeted rate by between 5 and 10 
basis points a year, there has also been continuing, 
significant growth in the size of the endowment. 
The result has been that, for the 2003-2004 fiscal 
year, the actual spending rate (the ratio of annual 
spending from the endowment to actual endow- 
ment value at the conclusion of the fiscal year in 
which the spending took place) was 4.84%. 
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Carnegie Funds Spending Over Seven Years (Dollars in Millions) 


FY 97-98 98-99 99-00 00-01 01-02 02-03 03-04 
Carnegie Funds Spending § 164 $209 $200 $228 $255 $250 $ 28.1" 
Actual Market Value at June 30 $423.3 $451.6 $477.9 $512.0 $501.8 $525.7 $580.6 
Actual Spending as % of Market Value 3.87% 4.63% 4.18% 445% 5.07% 4.76%  4.84%° 
Planned Spending Rate in Budget 5.61% 5.50% 540% 530% 5.25% 5.20% 5.15% 


* Includes $2.1 million of expenditures that were reimbursed to the endowment in early fiscal 04-05. The sources of funds were Carnegie revenues not 
included in the endowment budget process. If these $2.! million are deducted from endowment spending, the actual spending rate is 4.48%. 


The table above compares the planned versus the 
actual spending rates, as well as the market value 
of the endowment from 1997-1998 with the most 
recently concluded fiscal year, 2003-2004: 


Budget and Actual Spending Rates 
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Within Carnegie’s endowment, there are a number 
of “Funds” that provide support either in a general 
way or in a targeted way, with a specific, defined 
purpose. The largest of these is the Andrew Carnegie 
Fund, begun with the original gift of $10 million. 
Mr. Carnegie later made additional gifts totaling 
another $12 million during his lifetime. Together 
these gifts are now valued at over $519 million. 


The following table shows the amount in the 
principal funds within the institution’s endowment 
as of June, 2004. 


Principal Funds Within 
Carnegie’s Endowment 


Andrew Carnegie $519,755,512 
Mellon Matching |2,352,74 | 
Astronomy Funds 10,997,747 
Anonymous 8,492,800 
Anonymous Matching 8,220,673 
Capital Campaign 7,146,873 
Wood 6,378,038 
Golden 4,622,845 
Science Education Fund 2,750,806 
Colburn 2,249,457 
McClintock Fund 1,855,964 
Bush Bequest 1,404,611 
Endowed Fellowships |,226,149 
Starr Fellowship 887,990 
Roberts 501,719 
Lundmark 368,66 | 

ollaender 287,572 
Forbush 162,933 

ale 133,078 
Green Fellowship | 30,062 

arkavy 127,449 
Endowed Staff, Observatories 116,029 


Total 590,769,709 


Financial Statements 


Independent Auditors Report 


The Audit Committee of the 
Carnegie Institution of Washington: 


We have audited the accompanying statements of financial position of the Carnegie Institution of Washington 
(Carnegie) as of June 30, 2004 and 2003, and the related statements of activities and cash flows for the years 
then ended. These financial statements are the responsibility of Carnegie’s management. Our responsibility is 

to express an opinion on these financial statements based on our audits. 


We conducted our audits in accordance with auditing standards generally accepted in the United States of 
America. Those standards require that we plan and perform the audits to obtain reasonable assurance about 
whether the financial statements are free of material misstatement. An audit includes examining, on a test basis, 
evidence supporting the amounts and disclosures in the financial statements. An audit also includes assessing 
the accounting principles used and significant estimates made by management, as well as evaluating the overall 
financial statement presentation. We believe that our audits provide a reasonable basis for our opinion. 


In our opinion, the financial statements referred to above present fairly, in all material respects, the financial 

position of the Carnegie Institution of Washington as of June 30, 2004 and 2003, and its changes in net assets 
and tts cash flows for the years then ended, in conformity with accounting principles generally accepted in the 
United States of America. 


Our audits were made for the purpose of forming an opinion on the basic financial statements taken as a 
whole. The supplementary information included in the schedules of expenses is presented for purposes of 
additional analysis and is not a required part of the basic financial statements. Such information has been 
subjected to the auditing procedures applied in the audits of the basic financial statements and, in our opinion, 
is fairly presented in all material respects in relation to the basic financial statements taken as a whole. 


KPMG LEP 


November 5, 2004 


Statements of Financial Position 


June 30, 2004 and 2003 


Assets 

Cash and cash equivalents 

Accrued investment income 

Contributions receivable, net (note 2) 
Accounts receivable and other assets 

Bond proceeds held by trustee (note 6) 
Investments (notes 3 and |4) 

Property and equipment, net (notes 4, 5 and 6) 


$518,726 
99,044 
7,155,007 
8,425,062 
18,209,191 
590,769,709 
144,813,240 


631,216 
98,668 
6,561,772 
8,877,030 
29,536,629 
532,023,413 
133,195,832 


Total assets 


Liabilities and Net Assets 
Liabilities: 
Accounts payable and accrued expenses 
Deferred revenue (note 5) 
Bonds payable (note 6) 
Accrued postretirement benefits (note 8) 


$769,989,979 


$4,115,909 
34,695,018 
64,670,359 
| 3,670,000 


710,924,560 


5,083,899 
35,523,865 
64,715,672 
| 1,359,000 


Total liabilities 


117,151,286 


116,682,436 


Net assets (note 9): 
Unrestricted: 
Board designated: 
Invested in property and equipment, net 
Designated for managed investments 
Undesignated 


63,657,053 
518,969,269 
5,051,412 


62,492,924 
462,571,402 
6,049,088 


Total unrestricted net assets 


Temporarily restricted 
Permanently restricted 


587,677,734 


25,9 10,003 
39,250,956 


531,113,414 


24,207,950 
38,920,760 


Total net assets 


652,838,693 


594,242,124 


Commitments and contingencies (notes 10, || and | 2) 


Total liabilities and net assets 


See accompanying notes to financial statements. 


$769,989,979 


710,924,560 


Statements of Activities 
Years ended June 30, 2004 and 2003 


2004 2003 


Temporarily Permanently Temporarily Permanently 
Unrestricted restricted restricted Total Unrestricted restricted restricted 


Revenues and support: 
External revenue: 
Grants and contracts $22,458,366 — 22,458,366 24,705,588 24,705,588 


Contributions and gifts 
(note | 3) 1,246,482 5,335,795 106,696 6,688,973 18,130,285 5,149,505 1,090,549 24,370,339 


Net losses on disposals 
of property (318,21 1) (318,211) (18,012) (18,012) 


Other income 3,968,740 3,968,740 |,683,264 1,683,264 


Net external revenue 27,355,377 5,335,795 106,696 32,797,868 44,501,125 5,149,505 1,090,549 50,741,179 
Investment income, net (note 3) 80,749,277 6,015,449 — 86,764,726 32,665,818 1,926,187 37,354 34,629,359 
Other (note 9): 


Net assets released from 
restrictions 9,649,191 (9,649,191) —_— 6,321,584 (6,321,584) 


Matching of endowment (223,500) — 223,500 — — 


Total revenues and other support \|7,530,345 1,702,053 330,196 119,562,594 83,488,527 754,108 1,127,903 85,370,538 


Expenses: 
Program expenses: 
Terrestrial Magnetism 9,562,368 9,562,368 8,299,433 8,299,433 
Observatories 12,807,318 12,807,318 9,356,520 9,356,520 
Geophysical Laboratory _ | 1,903,842 11,903,842 11,665,517 11,665,517 
Embryology 6,347,077 6,347,077 6,984,748 6,984,748 
Plant Biology 10,371,832 10,371,832 8,551,064 8,551,064 
Global Ecology 2,336,303 2,336,303 2,516,856 2,516,856 
Other programs 1,161,863 1,161,863 |,422,287 |,422,287 


Total program expenses 54,490,603 54,490,603 48,796,425 48,796,425 


Administrative and 
general expenses 6,475,422 6,475,422 5,634,657 5,634,657 


Total expenses 60,966,025 60,966,025 54,431,082 54,43 1,082 


Increase in net assets 56,564,320 — 1,702,053 330,196 58,596,569 29,057,445 754,108 1,127,903 30,939,456 


Net assets at beginning 
of year 531,113,414 24,207,950 38,920,760 594,242,124 502,055,969 23,453,842 37,792,857 563,302,668 


Net assets at end of year $587,677,734 25,910,003 39,250,956 652,838,693 531,113,414 24,207,950 38,920,760 594,242,124 


See accompanying notes to financial statements. 


Statements of Cash Flows 
Years ended June 30, 2004 and 2003 


Cash flows from operating activities: 
Increase in net assets 
Adjustments to reconcile increase in net assets to 
net cash provided by (used in) operating activities: 


Depreciat 
Net gains 
Contribut 
Losses on 


on 

on investments 

ons of stock 
disposals of property 


Amortization of bond issuance costs and discount 


Contributi 


ons and investment income restricted 


for long-term investment 


(Increase) 


decrease in assets: 


Receivables 
Accrued investment income 
Increase (decrease) in liabilities: 


Accoun 
Deferre 


ts payable and accrued expenses 
d revenue 


Accrued postretirement benefits 


2004 


$58,596,569 


7,794,105 

(80,363,758) 

(1,261,267) 
318,21 
46,574 


(1,708,636) 


(141,267) 
(376) 


(967,990) 
(828,847) 
2,311,000 


2003 


30,939,456 


6,009,836 
(29,639,941) 
(79,675) 
18,012 
57,347 


(2,662,965) 


(2,438,973) 
(21,900) 


1,108,230 
713,472 
723,000 


Net cash provided by (used in) operating activities 


(16,205,682) 


4,725,899 


Cash flows from investing activities: 
Acquisition of property and equipment 
Construction of telescope, facilities, and equipment 
Proceeds from sales of property and equipment 


Investments purchased 


Proceeds from investments sold or matured 
Purchases of investments by bond trustee 
Proceeds from sales of investments by bond trustee 


(9,333,952) 

(10,423,095) 
27,323 

(260,313,717) 
283,192,446 


| 1,327,438 


(4,550,914) 
(7,692,135) 


(241,085,299) 
246,224,876 
(29,536,546) 


Net cash provided by (used in) investing activities 


14,476,443 


(36,640,018) 


Cash flows from financ 


ing activities: 


Proceeds from bond issuance 
Bond issuance costs capitalized 


Proceeds from contributions and investment income restricted for: 


Investment in endowment 
Investment in property and equipment 


(91,887) 


360,025 
|,348,61 | 


30,000,000 
(295,594) 


410,100 
2,252,865 


Net cash provided by financing activities 


1,616,749 


32,367,371 


Net increase (decrease) in cash and cash equivalents 
Cash and cash equivalents at beginning of year 


(112,490) 
631,216 


453,252 
177,964 


Cash and cash equivalents at end of year 


Supplementary cash flow information: 


Cash paid for inte 


rest 


Noncash activity — contributions of stock 


See accompanying notes to financial statements. 


$518,726 


$1,917,108 
1,261,267 


631,216 


1,165,587 
79,675 


June 30, 2004 and 2003 


(1) Organization and Summary 
of Significant Accounting Policies 


The Carnegie Institution of Washington 
(Carnegie) conducts advanced research and train- 
ing in the sciences. It carries out its scientific work 
in six research centers located throughout the 
United States and at an observatory in Chile. The 
centers are the Departments of Embryology, Plant 
Biology, Terrestrial Magnetism, and Global 
Ecology, the Geophysical Laboratory, and the 
Observatories. Income from investments represents 
approximately 73% and 40% of Carnegie’s total 
revenues for the years ended June 30, 2004 and 
2003, respectively. Carnegie’s other income is pri- 
marily from gifts and federal grants and contracts. 


The financial statements are prepared on the 
accrual basis of accounting. Contributions and gifts 
revenues are classified according to the existence or 
absence of donor-imposed restrictions. Also, satis- 
faction of donor-imposed restrictions are reported as 
releases of restrictions in the statements of activities. 


Carnegie’s debt and equity investments are 
reported at their fair values based on quoted mar- 
ket prices. Carnegie reports investments in limited 
partnerships at fair value as determined and 
reported by the general partners. All changes in fair 
value are recognized in the statements of activities. 
Carnegie considers all highly liquid debt instru- 
ments purchased with remaining maturities of 

90 days or less to be cash equivalents. Money mar- 
ket and other highly liquid instruments held by 


investment managers are reported as investments. 


Carnegie has been recognized by the Internal 
Revenue Service as exempt from federal income tax 
under Section 501(c)(3) of the Internal Revenue 
Code (the Code) except for amounts from unrelated 
business income. Carnegie is also an educational 
institution within the meaning of Section 170(b)(1) 
(A)(ii) of the Code. The Internal Revenue Service 
has classified Carnegie as other than a private foun- 


dation, as defined in Section 509(a) of the Code. 
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Financial instruments of Carnegie include cash 
equivalents, receivables, investments, bond pro- 
ceeds held by trustee, accounts and broker 
payables, and bonds payable. The fair value of 
investments in debt and equity securities is based 
on quoted market prices. The fair value of invest- 
ments in limited partnerships is based on informa- 
tion provided by the general partners. 


The fair value of the 1993 Series A bonds payable 
is based on quoted market prices. The fair value of 
the 1993 Series B and 2002 revenue bonds payable 
is estimated to be the carrying value, since these 
bonds bear adjustable market rates (see note 6). 


The fair values of cash equivalents, receivables, 
bond proceeds held by trustee, and accounts and 
broker payables approximate their carrying values 
based on their short maturities. 


The preparation of financial statements in confor- 
mity with accounting principles generally accepted 
in the United States of America requires manage- 
ment to make estimates and assumptions that 
affect the reported amounts of assets and liabilities 
and disclosure of contingent assets and liabilities at 
the date of the financial statements. They also 
affect the reported amounts of revenues and 
expenses during the reporting period. Actual 
results could differ from those estimates. 


Carnegie capitalizes expenditures for land, build- 
ings and leasehold improvements, telescopes, sci- 
entific and administrative equipment, and projects 
in progress. Routine replacement, maintenance, 
and repairs are charged to expense. 


Depreciation is computed on a straight-line basis, 
generally over the following estimated useful lives: 


Buildings and telescopes — 50 years 

Leasehold improvements — lesser of 25 years 
or the remaining term of the lease 

Scientific and administrative equipment — 
2-10 years, based on scientific life of equipment 
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Contributions are classified based on the existence 
or absence of donor-imposed restrictions. Contri- 
butions and net assets are classified as follows: 


Unrestricted — includes all contributions 
received without donor-imposed restrictions 

on use or time. 

Temporarily restricted — includes contributions 
with donor-imposed restrictions as to purpose 
of gift and/or time period expended. 
Permanently restricted — generally includes 
endowment gifts in which donors stipulated 
that the corpus be invested in perpetuity. Only 
the investment income generated from endow- 
ments may be spent. Certain endowments require 
that a portion of the investment income be 
reinvested in perpetuity. 


Contributions to be received after one year are 
discounted at an appropriate discount rate com- 
mensurate with the risks involved. Amortization 
of the discount is recorded as additional revenue 
and used in accordance with donor-imposed 
restrictions, if any. 


Gifts of long-lived assets, such as buildings or 
equipment, are considered unrestricted when 
placed in service. Cash gifts restricted for invest- 
ment in long-lived assets are released from restric- 
tion when the asset is acquired or as costs are 
incurred for asset construction. 


Carnegie records revenues on grants from federal 
agencies only to the extent that reimbursable 
expenses are incurred. Accordingly, funds received 
in excess of reimbursable expenses are recorded as 
deferred revenue, and expenses in excess of reim- 
bursements are recorded as accounts receivable. 
Reimbursement of indirect costs is based upon 
provisional rates which are subject to subsequent 
audit by Carnegie’s federal cognizant agency, the 
National Science Foundation. 


The costs of providing programs and supporting 
services have been summarized in the statements of 


activities. Accordingly, certain costs have been 
allocated among the programs and supporting ser- 
vices benefited. Fundraising expenses of $647,977 
and $637,295 for the years ended June 30, 2004 
and 2003, respectively, have been included in 
administrative and general expenses in the 
accompanying statements of activities. 


Certain reclassifications have been made to the 2003 
amounts to conform to the 2004 presentation. 


(2) Contributions Receivable 
Contributions receivable are summarized as follows 


at June 30, 2004: 


Unconditional promises 
expected to be collected in: 


Less than one year $3,712,474 
One year to five years 3,848,355 
7,560,829 
Less: 
Allowance for uncollectible amounts (8,500) 
Discount to present value (397,322) 
$7,155,007 


Pledges receivable as of June 30, 2004 and 2003, 
were discounted using the 3-year U.S. Treasury 
rate which was approximately 2.7% and 2%, 
respectively. 


(3) Investments 


Investments at fair value consisted of the following 


at June 30, 2004 and 2003: 


2004 2003 

Time deposits and 
money market funds $51,168,508 43 208,095 
Debt mutual funds 26,596 9.817 
Debt securities 86,251,775 105,656.89 | 
Equity securities 150,678,506 156,746,457 

Limited real estate 
partnerships 39,575,148 44576914 
Limited partnerships 263,069,176 181,825,239 
$590,769,709 532,023,413 


Investment income, net consisted of the following 


for the years ended June 30, 2004 and 2003: 


: 2004 2003 
Interest and dividends $7,487,625 E03 313 
Net realized gains 41,020,315 45,333,103 
Net unrealized gains 

(losses) 39,343,443 (15,693,162) 

Less investment 
management expenses (1,086,657) (1,113,895) 
$86,764,726 34,629,359 


As of June 30, 2004, the fair value for approxi- 
mately $111.7 million of Carnegie’s $302.6 million 
of limited real estate partnership and limited part- 
nership investments has been estimated by the gen- 
eral partners in the absence of readily ascertainable 
values as of that date. As of June 30, 2003, the fair 
value for approximately $88.2 million of Carnegie’s 
$226.4 million of limited real estate partnership 
and limited partnership investments has been esti- 
mated by the general partners in the absence of 
readily ascertainable values as of that date. 
However, these estimated fair values may differ 
from the values that would have been used had a 
ready market existed. 


(4) Property and Equipment 


Property and equipment, net consisted of the fol- 
lowing at June 30, 2004 and 2003: 


2004 2003 
Buildings and 
improvements $53,023,675 45,435,945 
Scientific equipment 37,953,848 26,901,472 
Telescopes 81,634,844 80,888,440 
Construction in progress 14,880,288 17537973 
Administrative equipment 2,370,705 2,433,184 
Land 787,896 787,896 
Art 38,105 38,105 
190,689,361 174,023,015 
Less accumulated 
depreciation (45,876,121) (40,827,183) 
$144,813,240 133,195,832 
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Construction in progress consisted of the following 


at June 30, 2004 and 2003: 


2004 2003 

Buildings $12,009,263 4,184,529 
Scientific equipment 2,871,025 13,353,444 
$14,880,288 17,537,973 


At June 30, 2004 and 2003, approximately 
$84.2 million and $83.5 million, respectively, of 
construction in progress and other property, net 
of accumulated depreciation, was located in Las 
Campanas, Chile. During construction in 2004 
and 2003, Carnegie capitalized interest costs of 
approximately $615,000 and $0, respectively, as 


construction in progress. 


(5) Magellan Consortium 
During the year ended June 30, 1998, Carnegie 


entered into an agreement (Magellan Agreement) 
with four universities establishing a consortium to 
build and operate the Magellan telescopes. The 
two Magellan telescopes are located on Manqui 
Peak, Las Campanas in Chile. The first telescope, 
with a cost of approximately $41,708,000, was 
placed in service during 2001. The other, with a 
cost of approximately $30,148,000, was placed in 
service in 2003. 


The university members of the consortium, by 
contribution to the construction and operating 
costs of Magellan, acquire rights of access and 
oversight as described in the Magellan Agreement. 
Total contributions by the university members for 
construction are expected to cover 50% of the total 
expected costs. As of June 30, 2004, $36,052,000 
has been received. These monies are being used by 
Carnegie to finance part of the Magellan 
Telescopes’ construction costs. As of June 30, 2004 
and 2003, the excess of university members’ contri- 
butions over operating costs totaled $32,465,612 
and $32,075,946, respectively, and is included in 
deferred revenue in the accompanying statements 
of financial position. The deferred revenue is being 
recognized ratably as income over the remaining 
estimated useful lives of the telescopes. 
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(6) Bonds Payable 


On November 1, 1993, Carnegie issued $17.5 
million each of Series A and Series B California 
Educational Facilities Authority Revenue 
tax-exempt bonds. Bond proceeds were used to 
finance the Magellan telescope project and the 
renovation of the facilities of the Observatories at 
Pasadena. The balances outstanding at June 30, 
2004 and 2003, on the Series A issue totaled 
$17,500,000 and $17,494,289, respectively, and 
on the Series B issue totaled $17,500,000 and 
$17,496,495, respectively. Bond proceeds held by 
the trustee and unexpended at June 30, 2004 and 
2003 totaled $21 and $112, respectively. 


Series A bonds bear interest at 5.6% payable in 
arrears semiannually on each April 1 and October 1 
and upon maturity on October 1, 2023. Series B 
bonds bear interest at variable money market rates 
(ranging from 0.85% to 1.12% during the year, and 
1.1% at June 30, 2004) in effect from time to time, 
up to a maximum of 12% over the applicable money 
market rate period of between 1 and 270 days and 
have a stated maturity of October 1, 2023. At the 
end of each money market rate period, Series B 
bondholders are required to offer the bonds for 
repurchase at the applicable money market rate. 
When repurchased, the Series B bonds are resold 
at the current applicable money market rate and 
for a new rate period. 


Carnegie is not required to repay the Series A 
and B bonds until the October 1, 2023, maturity 
date. Sinking fund redemptions begin in 2019 in 
installments for both series. The fair value of 
Series A bonds payable at June 30, 2004 and 2003, 
based on quoted market prices is estimated at 
$19,069,000 and $20,051,000, respectively. The 
fair value of Series B bonds payable at June 30, 
2004 and 2003 is estimated to approximate carry- 
ing value as the mandatory tender dates on which 
the bonds are repriced are generally within 

three months of year end. 


On October 23, 2002, the Maryland Health and 
Higher Education Facilities Authority IMHHEFA) 
issued $30 million of its Revenue Bonds on behalf 
of Carnegie. Bond proceeds are being used to 
construct and equip a new facility for Carnegie’s 
Department of Embryology on the Johns Hopkins 
Homewood Campus in Baltimore, Maryland. 
Construction began in April 2003, and the facility is 
expected to be ready for occupancy in March 2005. 


The balance outstanding at June 30, 2004 and 
2003 on the Carnegie 2002 Series totaled 
$29,670,359 and $29,724,888, respectively. The 
balance outstanding is net of unamortized bond 
issue costs. Bond proceeds held by the trustee and 
unexpended at June 30, 2004 totaled $18,209,170. 


The bonds were issued in the weekly mode and 
bear interest at a variable rate determined by the 
remarketing agent, Lehman Brothers. The rates 
fluctuated between 0.68% and 1.25% during the 
year ended June 30, 2004 (see note 7). The rate at 
June 30, 2004 was 1.03%. Rates on remarketed 
bonds are selected in such a manner that the selling 
price will closely approximate the face value, but 
under no circumstances will the rate exceed 12% 
per annum. Interest is payable on the first business 
day of each month. Bonds in the weekly mode are 
subject to redemption at the request of Carnegie on 
any interest payment date. Bonds in weekly mode 
can be changed to daily, commercial paper, term 
rate or fixed rate mode at the request of Carnegie. 
Bonds are subject to mandatory tender for purchase 
prior to any change in the interest rate mode. 


Scheduled maturities and sinking fund require- 
ments are as follows: 


Due: ; - 
October |, 2033 $6,000,000 
October |, 2034 6,000,000 
October |, 2035 6,000,000 
October |, 2036 6,000,000 
October |, 2037 6,000,000 

$30,000,000 


Standby credit facilities have been established 
with SunTrust Bank in the aggregate amount 

of $30,000,000 as of June 30, 2003, expiring 
January 31, 2006. Carnegie pays 0.08% per annum 
on the amount of the available commitment, 
payable quarterly in arrears. SuriIrust Bank may 
extend the agreement, but Carnegie is not required 
to maintain a liquidity facility for any bonds. The 
standby credit facility has not been used as of 

June 30, 2004. 


(7) Interest Rate Swap Agreement 


Carnegie entered into a swap agreement with an 
effective date of October 23, 2002. This swap 
agreement relates to $15 million face amount of 
its Series 2002 Maryland Health and Higher 
Education Facilities Authority Revenue Bonds 
(see note 6). The agreement provides for Lehman 
Brothers Special Financing Inc. to receive 3.717% 
in interest on a notional amount of $15 million 
and to pay interest at a floating rate of 68% of the 
three-month LIBOR rate, reducing on the dates 
and in the amounts as follows: 


October |, 2033 $3,000,000 
October |, 2034 3,000,000 
October |, 2035 3,000,000 
October |, 2036 3,000,000 
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The interest rate swap agreement was entered into 
by Carnegie to mitigate the risk of changes in 
interest rates associated with variable interest rate 
indebtedness. Carnegie applies the provisions of 
FASB Statement No. 133, Accounting for 
Derivative Instruments and Hedging Activities. This 
standard requires certain derivative financial instru- 
ments to be recorded at fair value. The interest rate 
swap agreement described above is a derivative 
instrument that is required to be recorded at fair 
value. For 2004, this was valued as an asset of 
$174,107 and included in accounts receivable on 
the accompanying statements of financial position. 
For 2003, this was valued as a liability of 
$1,246,619 and included in accounts payable and 
accrued expenses on the accompanying statements 
of financial position. The change in fair value for 
the years ended June 30, 2004 and 2003, was a gain 
of $1,420,726 and a loss of $1,246,619, respec- 


tively, and is included as a change in other income. 
(8) Employee Benefit Plans 


Carnegie has a noncontributory, defined contribu- 
tion, money-purchase retirement plan in which all 
USS. personnel are eligible to participate. After one 
year of participation, an individual’s benefits are 
fully vested. The Plan has been funded through 
individually owned annuities issued by Teachers’ 
Insurance and Annuity Association (TIAA) and 
College Retirement Equities Fund (CREF). 
Contributions made by Carnegie totaled approxi- 
mately $2,990,000 and $2,783,000 for the years 
ended June 30, 2004 and 2003, respectively. 


Carnegie provides postretirement medical benefits 
to all employees who retire after age 55 and have at 
least 10 years of service. Cash payments made by 
Carnegie for these benefits totaled approximately 
$532,000 and $587,000 for the years ended 

June 30, 2004 and 2003, respectively. 
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The expense for postretirement benefits for the 
years ended June 30, 2004 and 2003 consists of the 
following: 


2004 2003 

Service cost — benefits 

earned during the year $1,233,000 576,000 
Interest cost on projected 

benefit obligation 1,214,000 734,000 
Amortization of gain 396,000 — 
Postretirement 

benefit cost $2,843,000 1,310,000 


The 2004 postretirement benefits expense was 
approximately $2,311,000 more than the cash 
expense of $532,000, and the 2003 postretirement 
benefits expense was approximately $723,000 more 
than the cash expense of $587,000. The postretire- 
ment benefits expense was allocated among pro- 
gram and supporting services expenses in the 
accompanying statements of activities. 


The reconciliation of the Plan’s funded status to 
amounts recognized in the financial statements at 


June 30, 2004 and 2003 follows: 


2004 2003 
Change in benefit obligation: 
Benefit obligation at 
beginning of year = $20,531,000 10,300,000. 
Service cost 1,233,000 576,000 
Interest cost 1,214,000 734,000 
Actuarial loss (3,246,000) = 9,508,000 
Benefits paid (532,000) (587,000) 
Benefit obligation at 
end of year 19,200,000 20,531,000 
Change in plan assets: 
Fair value of plan assets 
at beginning of year — — 
Contribution to plan 532,000 587,000 
Benefits paid (532,000 (587,000) 
Fair value of plan assets 
at end of year — — 
Funded status (19,200,000) (20,531,000) 
Unrecognized net 
actuarial loss 5,530,000 9,172,000 
Accrued benefit cost $(13,670,000) (11,359,000) 


The present value of the benefit obligation as of 
June 30, 2004, was determined using an assumed 
discount rate of 6.25%. The present value of the 
benefit obligation as of June 30, 2003, was deter- 
mined using an assumed discount rate of 6%. 
Carnegie’s policy is to fund postretirement benefits 
as claims and administrative fees are paid. 


For measurement purposes, an 11.5% annual rate 
of increase in the per capita cost of pre-Medicare 
covered healthcare benefits and a 13% annual rate 
of increase in the per capita cost of post-Medicare 
covered healthcare benefits was assumed for 2004; 
the rate for both types of benefits was assumed to 
decrease gradually to 5.5% in 2016 and remain at 
that level thereafter. The healthcare cost trend rate 
assumption has a significant effect on the amounts 
reported. An one-percentage point change in 
assumed annual healthcare cost trend rate would 
have the following effects: 


The measurement date used to determine postre- 
tirement benefit obligations is July 1. 


One-percentage One-percentage 
point increase point decrease 


Effect on total of 
service and interest 
cost components $627,000 


Effect on 


(469,000) 


postretirement 


benefit obligation 2,792,000 (3,193,000) 
Carnegie expects to contribute approximately 
$506,000 to its postretirement benefit plan during 


the year ended June 30, 2005. 


The following benefit payments (net of retiree 
contributions), which reflect expected future ser- 
vice, are expected to be paid, as of June 30, 2004: 


2005 $506,000 
2006 570,000 
2007 641,000 
2008 741,000 
2009 832,000 
2010-2014 5,562,000 

$8,852,000 


On December 8, 2003, the President signed into 
law the Medicare Prescription Drug Improvement 
and Modernization Act of 2003 (the Act). The 
Act introduces prescription drug benefits under 
Medicare (Medicare Part D) as well as a federal 
subsidy to sponsors of retiree health care benefit 
plans that provide a benefit that is at least actuari- 
ally equivalent to Medicare Part D. FASB 
Statement 106, Employers’ Accounting for 
Postretirement Benefits Other Than Pensions 

(SFAS 106), requires presently enacted changed in 
relevant laws to be considered in current period 
measurements of postretirement costs and the 
accumulated postretirement benefit obligation. 
However, certain accounting issues raised by the 
Act are not specifically addressed by SFAS 106, 
and significant uncertainties exist as to the direct 
and indirect effects of the Act. 


In January 2004, the Financial Accounting 
Standards Board issued SFAS 106-1, Accounting 
and Disclosure Requirements Related to the Medicare 
Prescription Drug, Improvement and Modernization 
Act of 2003. SFAS No. 106-1, which became effec- 
tive for fiscal years ending after December 7, 2003, 
allows for a deferral in recognizing the effects of 
the Act until authoritative guidance on the account- 
ing for the federal subsidy is issued or other events 
occur. For the year end June 30, 2004, Carnegie 
has elected deferral, as management and its advi- 
sors do not have sufficient information available on 
which to measure the effects of the Act on Carnegie’s 
postretirement benefit costs and obligation. 
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(9) Net Assets 


Temporarily restricted net assets were available to 
support the following donor-restricted purposes at 
June 30, 2004 and 2003: 


2004 2003 
Specific research 
programs $21,862,442 14,384,361 
Equipment acquisition 
and construction 2,839,318 3,638,444 
Passage of time 2,208,243 6,185,145 
$26,910,003 24,207,950 


Permanently restricted net assets consisted of per- 
manent endowments, the income from which is 
available to support the following donor-restricted 
purposes at June 30, 2004 and 2003: 


2004 2003 
Specific research 
programs $14,546,237 15,716,041 
Equipment acquisition 
and construction 2,704,719 1,204,719 


General support 
(Camegie endowment) 22,000,000 
$39,250,956 


22,000,000 
38,920,760 


During 2004 and 2003, Carnegie met donor- 
imposed requirements on certain gifts and, 
therefore, released temporarily restricted net 
assets as follows: 


2004 2003 
Specific research 
programs $3,686,708 2,984,309 
Equipment acquisition 
and construction 4114912 962,034 


General support 
(Carnegie endowment) 1,847,571 
$9,649,191 


DSS EH 
6,321,584 
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During 2004, Carnegie allocated $223,500 of 
unrestricted net assets to establish a Plant Biology 
endowment fund to match a donor’s contribution. 
This amount is included as specific research pro- 
grams in permanently restricted net assets. 


(10) Commitments 


Carnegie entered into a contract with the University 
of Arizona for the construction of a secondary mir- 
ror and support system for the second telescope in 
the Magellan project. The amount of the contract 
is approximately $590,000, none of which had been 
incurred at June 30, 2004. Carnegie also has other 
contracts for projects at the Observatories amount- 


ing to $1,107,000 as of June 30, 2004. 


Carnegie has outstanding commitments to invest 
approximately $86.5 million in limited partner- 
ships at June 30, 2004. 


(11) Lease Arrangements 


Carnegie leases a portion of the land it owns in Las 
Campanas, Chile, to other organizations. These 
organizations have built and operate telescopes on 
the land. Most of the lease arrangements are not 
specific and some are at no cost to the other orga- 
nizations. One of the lease arrangements is non- 
cancelable and had annual rent of approximately 
$160,000 for each of the fiscal years 2004 and 
2003. For the no-cost leases, the value of the leases 
could not be determined and is not considered sig- 
nificant and, accordingly, contributions have not 
been recorded in the financial statements. 


Carnegie also leases a portion of one of its labora- 
tories to another organization for an indefinite 
term. Rents to be received under the agreement are 
approximately $536,000 annually, adjusted for CPI 
increases. Beginning in April 2005, rents will 
increase approximately 40% when the laboratory 
moves to a larger space. 


Carnegie leases land and buildings. The monetary 
terms of the leases are considerably below fair 
value; however, these terms were developed consid- 
ering other nonmonetary transactions between 
Carnegie and the lessors. The substance of the 
transactions indicates arms-length terms between 
Carnegie and the lessors. The monetary value of 
the leases could not be determined and has not 
been recorded in the financial statements. 


(12) Contingencies 


Costs charged to the federal government under 
cost-reimbursement grants and contracts are sub- 
ject to government audit. Therefore, all such costs 
are subject to adjustment. Management believes 
that adjustments, if any, would not have a signifi- 
cant effect on the financial statements. 


(13) Related-Party Transactions 


Carnegie recorded contributions from its trustees, 
officers and directors of $4,655,832 and 
$21,440,335, for the years ended June 30, 2004 
and 2003, respectively. 


(14) Risks and Uncertainties 


Carnegie’s invested assets consist of common 
stocks, fixed income securities and other invest- 
ment securities. Investment securities are exposed 
to various risks, such as interest rate, market and 
credit. Due to the level of uncertainty related to 
changes in interest rates, market volatility and 
credit risks, it is at least reasonably possible that 
changes in these risks could materially affect the 
fair value of investments reported in the statement 
of financial position as of June 30, 2004 and 2003. 
However, the diversification of Carnegie’s invested 
assets among these various asset classes should mit- 
igate the impact of any dramatic change on any 
one asset class. 


Schedule of Expenses 
Years ended June 30, 2004 and 2003 


2004 2003 


Federal Federal 
Carnegie _and private Total Carnegie _—_and private Total 
funds grants expenses funds grants expenses 


Personnel costs: 
Salaries $14,475,943 4,780,166 19,256,109 13,641,577 4,636,962 18,278,539 
Fringe benefits and payroll taxes 10,009,374 2,238,258 12,247,632 7,461,155 2,200,589 9,661,744 


Total personnel costs 24,485,317 7,018,424 31,503,741 21,102,732 6,837,551 27,940,283 


Fellowship grants and awards 1,966,003 948,967 2,914,970 | ,674,086 648,01 | 2,322,097 


Depreciation 7,794,105 7,794,105 6,009,836 6,009,836 


General expenses: 
Educational and research supplies 2,438,265 5,232,412 7,670,677 2,161,910 5,565,549 7,127,459 
Building maintenance and operation 8,409,920 | 17,067 8,526,987 2,716,592 693,621 3,410,213 
Travel and meetings 1,021,637 746,156 1,767,793 |,250,038 680,267 1,930,305 
Publications 40,854 31,977 72,831 40,842 39,231 80,073 
Shop 99,989 23,649 123,638 63,573 — 63,573 
Telephone 201,400 5,631 207,031 187,470 10,363 197,833 
Books and subscriptions 342,961 — 342,961 310,759 — 310,759 
Administrative and general 1,299,174 186,264 1,485,438 1,393,813 186,887 1,580,700 
Facilities construction 8,530,528 — 8,530,528 1,710,375 — 1,710,375 
Interest 1,771,130 — 1,771,130 | 364,369 — 1,364,369 
Printing and copying 77,75\ — 77,75 \ 80,780 — 80,780 
Shipping and postage 169,309 24,681 193,990 161,121 27,582 188,703 
Insurance, taxes, and professional fees 2,759,936 72,450 2,832,386 2,080,254 130,192 2,210,446 
Equipment 1,724,656 1,673,942 3,398,598 2,485,875 3,390,935 5,876,810 
Fundraising expense 647,977 — 647,977 637,295 — 637,295 


Total general expenses 29,535,487 8,114,229 37,649,716 16,645,066 10,724,627 27,369,693 


Total direct costs 63,780,912 16,081,620 79,862,532 45,431,720 18,210,189 63,641,909 


Indirect costs: 
Grants and contracts (6,376,746) 6,376,746 (6,495,399) 6,495,399 


Total costs 57,404,166 22,458,366 79,862,532 38,936,321 24,705,588 63,641,909 


Capitalized scientific equipment 
and facilities (17,424,577) (1,471,930) (18,896,507) (5,871,899) (3,338,928) (9,210,827) 


Total expenses $39,979,589 20,986,436 60,966,025 33,064,422 21,366,660 54,431,082 


See accompanying independent auditors’ report. 


